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Abstract
Long-Duration, Deep-Space Human Exploration (LoDDSHE) missions demand robust
and reliable technologies to ensure crew health, safety, and mission success. In situ food
production will become essential for these missions for crew nutrition, morale, and in the event
of delays or failures. At a current estimated cost $10,000/lb, mass and volume limitations will
restrict necessary resources. For an anticipated thirty-month mission to Mars, these costs will
increase due to more frequent resupply shipments and lengthened transit times, creating
additional financial and logistical challenges (Pickett et al., 2019). Increased resource and waste
recovery to achieve nearly closed-loop systems will mitigate many of these financial and
logistical challenges. Organic wastes (i.e., fecal and food) offer a renewable source of carbon,
nitrogen, phosphorous (C, N, P), water and other trace elements to sustain water and food
production. However, these high-strength waste streams are difficult to treat due to factors such
as heterogeneity, complexity, high solids content, and presence of pathogens. Currently, there are
no flight-ready technologies capable of treating mixed organic wastes, underlining a technology
gap for future space missions (Pickett et al., 2019).
To address this, a prototype Organic Processor Assembly (OPA) was developed through
a collaboration between the University of South Florida (USF) and the National Aerospace and
Space Administration’s (NASA) Kennedy Space Center (KSC). An Anaerobic Membrane
Bioreactor (AnMBR), a hybrid technology coupling anaerobic digestion with membrane
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filtration, forms the heart of the OPA. It was designed for an early planetary base (EPB) scenario
to aid in closing the resource recovery loop, thus decreasing resupply dependence.
The scope of work presented here covers: the design, development, preliminary
evaluation of the OPA. This thesis describes a compact and robust system design, TRL
advancement from one to three, solids removal above 95%, and organic removal above 85%.
Future research and development include further optimization of system safety and reliability,
expanded treatment capabilities, and integration into a human life support system architecture.
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Chapter 1: Introduction
1.1 Motivation
The creation of the Artemis program from Space Policy Directive 1, which aims to return
humans to the moon, marks another progressive step within the Space Age. In 2024, Artemis III
will deliver the next man and first woman to the Moon and will be the first of many LoDDSHE
missions. These missions aim to maintain a continuous presence on the moon and serve to
pioneer the way to Mars as preparations including technology development will revolve around
the Artemis missions ("NASA’s Plan for Sustained Lunar Exploration and Development," 2020).
Such an ambitious undertaking presents NASA and its collaborators with unique trying
technological challenges encountered since the Space Race. Many of these challenges stem from
the harsh and dynamic environments encountered in space, on the Moon, and Mars. With little to
no resources readily available to support human life, planetary bases in these environments will
need to be robust, independent, and provide all the basic requirements to support life that are
naturally granted on Earth, including the air we breathe and the food we eat.
In the fifty-one years since Apollo 11, the lunar surface environment has been
exhaustively researched and analyzed to provide further insight not available prior to the Apollo
program. With a gravity approximately 1/6 that of Earth, a thin exosphere, vast temperature
swings ranging from approximately 127°C to -173°C, the lunar surface is covered with a fine
regolith that presented many operational challenges for astronauts (Pickett et al., 2019; Williams,
2020). Advances in remote technology provided extensive information about the Martian surface
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and presented similar conditions to that of the moon including lower gravitational forces,
approximately 3/8 less than that of Earth’s. The Martian atmosphere is over one-hundred times
thinner and is primarily comprised of carbon dioxide. While maximum temperature swings only
reach up to 30°C, minimums can drop as low as -120°C (Pickett et al., 2019; Williams, 2018).
Covered with a fine regolith, the planet can frequently experience dust storms that range from
affecting local areas and lasting just a few sols (Martian days) to global events that engulf the
entire planet and last for months (Forget & Montabone, 2017). Both of these drastically unique
environments present significant challenges to establishing, operating, and maintaining a
sustainable planetary base for dwelling pioneers.
Current experience and knowledge gained from crewed space operations primarily focus
around the International Space Station (ISS), approximately 220 miles above the Earth, where
support and resources are days away and communication is instantaneous (Kauderer, 2011). In
comparison, a one way trip to the Moon is approximately three days, while the same trip to Mars
is estimated to range from seven months to over a year. Communication to and from Mars is
expected to be delayed up to twenty minutes (Moving Around Mars, 2019; Simonsen & Nealy,
1991).
In the case of a thirty month mission, a single crew member will require 2250 kg of water
and 1359 kg of food, while producing over 5678 kg of metabolic waste (Pickett et al., 2019).
With a current payload cost of approximately $10,000/lb (~$4,535/kg), the cost of food and
water for a single astronaut exceeds $16 million (Boen, 2008). As most technologies aboard the
ISS are dependent on resupply; the continuous, long-term resupply of these technologies in a
planetary base will present significant financial, logistical, and operational challenges. The same
instantaneous communication, support, and resupply that is currently relied upon for ISS
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operations will no longer be a viable option. Therefore, for any established planetary base, a shift
to more sustainable and regenerative technologies will be necessary for a continuous, long-term
presence and operation as most currently utilized technologies are not optimized for such
applications and environments.
This will be particularly challenging for Human Health, Life Support, and Habitation
Systems as part of NASA’s Technology Taxonomy (TX), an outline of key technology areas
relevant to achieving NASA’s goals. TX06.0 (Human Health, Life Support, and Habitation
Systems) has the goal to: “Enable LoDDSHE within permissible space radiation exposure limits,
minimal resupply consumables, and increased Earth independence” ("2020 NASA Technology
Taxonomy," 2020; "NASA Technology Roadmaps TA 6: Human Health, Life Support, and
Habitation Systems," 2015). This challenge extends to Environmental Control and Life Support
Systems (ECLSS) (TX06.1) technologies and their corresponding sub categories: Water
Recovery and Management (TX06.1.2) and Waste Management (TX06.1.3) ("2020 NASA
Technology Taxonomy," 2020; "NASA Technology Roadmaps TA 6: Human Health, Life
Support, and Habitation Systems," 2015).
Water Recovery and Management (TX06.1.2) is responsible for the reliable and efficient
collection, storage, and distribution of water and to increase the percentage of reusable water
recovered from wastewater sources ("2020 NASA Technology Taxonomy," 2020; "NASA
Technology Roadmaps TA 6: Human Health, Life Support, and Habitation Systems," 2015). It
aims to address challenges for LoDDSHE including long-term, stable storage, optimized
methods of water production, minimal consumables, and dormancy capabilities.
Waste Management (TX06.1.3) is responsible for the reliable and efficient collection,
stabilization, and storage of all forms of generated waste ranging from metabolic to food waste
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and packaging ("2020 NASA Technology Taxonomy," 2020; "NASA Technology Roadmaps
TA 6: Human Health, Life Support, and Habitation Systems," 2015). It aims to address
challenges for LoDDSHE including hygienic waste separation on microgravity, long termstorage/stabilization, and increased recovery of materials for reuse or alternative use.
Current ECLSS technologies used aboard the ISS are not optimized for LoDDSHE. The
Water Recovery System (WRS) does not treat all forms of waste, namely fecal and food waste.
The Water Processor Assembly (WPA) achieves approximately 85% recovery while the future
goal is 98% and utilizes consumables including disposable filters and stored oxygen (Pickett et
al., 2019). Food is solely supplied via resupply shipments. Sustainable food production
technologies are only on an experimental level and are dependent on resupply shipments for
cultivation resources (nutrients, fertilizer, etc.). These current challenges highlight the need for a
sustainable ECLSS architecture for LoDDSHE.
Due to its footprint, exceptional solid/organic performance, and sustainable operation in
terrestrial and decentralized applications, the Anaerobic Membrane Bioreactor (AnMBR) was
down-selected to create an Organic Processor Assembly (OPA). The OPA is capable of
addressing many of the concerns regarding the treatment of high solid/organic waste in a longduration, deep-space exp human exploration environment. Forming the core of the OPA, the
AnMBR is a hybrid technology coupling anaerobic digestion and membrane filtration. The
biological consortia of the bioreactor(s) breakdown and metabolize organic particulates to
produce an energy rich biogas. This digested liquor is subsequently subjected to membrane
filtration, rejecting any undigested particulates and biomass while producing an effluent rich in
liberated, soluble nutrients ideal for fertigation or downstream treatment for potable water
treatment.
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The technology developed and the research presented aim to investigate the OPA’s
capability to address many of these challenges and to be a progressive step towards a sustainable
architecture.
1.2 Research Questions
•

Can the OPA be sized to treat high strength waste (i.e., fecal and food waste) generated
by a crew of four and be designed and operated within a compact and modular
framework that is compatible with existing ECLSS infrastructure?

•

Can the OPA Membrane Module (MM) remain in operation and maintain a
Transmembrane Pressure (TMP) below one bar and require no more than three chemical
cleaning events during a one-year operation of the OPA?

•

Will biogas production, solids removal, and organic removal remain nominal after the
OPA is subjected to an approximate two-month dormancy period and provide
preliminary information regarding the effects of a longer-duration (twelve-month)
dormancy period on the OPA?

•

Will the OPA achieve greater than 90% solids removal, 85% organic removal, and will at
least half of the nitrogen and phosphorous in the particulate fraction of the influent waste
be liberated for recovery?

1.3 Research Hypotheses
•

The OPA and its relevant subsystems can be designed and fabricated in a compact and
modular configuration such that it can be housed and operated within an EXPRESS rackbased skid.

•

The OPA MM with continuous physical membrane maintenance via backwashing and
relaxation and no more than three chemical Cleaning In Place (CIP) membrane
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maintenance events will allow the membrane to operate with a TMP of less than one bar
during the entire duration of a one-year system operation.
•

The biological consortia of the OPA reactors will tolerate the two-month dormancy
period and biogas production, solid removal, and organic removal will still be observed.
However, a gradual recovery curve may be observed, of which the duration is unknown.

•

Solids, COD, and TOC analysis will show the OPA is capable achieving significant
removal of particulate (>90%) and organic (>85%) matter, while TN and TP analysis of
the OPA effluent will show at least half of the N and P has been liberated from the
particulate fraction of the waste influent and is available for recovery for plant nutrient
delivery and/or removal for potable water production.

1.4 Research Objectives
•

Design and fabricate an OPA system prototype sized for a crew of four and integrated
into a model EXPRESS rack skid.

•

Operate the OPA with simulated wastewater with progressively increasing solids content
to simulate fecal waste and conduct a short-term dormancy simulation.

•

Analyze the OPA at five sample locations between unit processes to monitor system
performance parameters, such as the removal of solids and organic carbon, liberation of
bound nitrogen and phosphorus, and production of biogas.
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Chapter 2: Background
2.1 Waste Treatment and Resource Recovery in Space
2.1.1 Early Treatment and Resource Recovery
In the early days of the U.S. space program, the priorities were largely politically driven
and concerned with mission success and progress. Due to this, many of the missions through
primarily utilized single use consumables, stored and launched large quantities of supplies, and
did little to recover waste but rather stored for disposal (Scheuring et al., 2007). During
Extravehicular Activities (EVAs), astronauts utilized diapers for urine collection but were unable
to defecate. Program feedback regarding crew health and performance targeted the urine and
feces collection system being odorous, messy, and uncomfortable to use (Mohon & Dunbar,
2020). All the potable water and resources that were needed were brought up and stored with the
launch of the mission. Disinfection of the stored potable water used chlorine and iodine as a
biocide and was conducted prior to flight or in flight (Peterson, 2009).
Skylab, the predecessor of the ISS, was the first U.S. space station and initiated the
investigation of extended stays in space with three crewed missions of 28, 59, and 84 days
(Peterson, 2009). While methods of waste collection improved, waste was still disposed of
without any recovery efforts. Urine was collected with a specialized hose and defecation took
place on a contoured vacuum seal seat with the waste collected and sealed in a bag for disposal
(Center, 1977). The large storage volumes of supplies including biocide, potable water, and the
high use of consumables coupled with the lack of recovery in these extended missions required
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frequent and expensive payload launches for resupply (Boen, 2008; Mohon & Dunbar, 2020;
Peterson, 2009).
2.1.2 Current Treatment and Resource Recovery
Current ECLSS technologies are focused on the low earth orbit (LEO) environment of
the International Space Station (ISS). The continuous occupation and use of the ISS provided a
testbed for many development and improvement of ECLSS technologies including the shift from
waste disposal to treatment and recovery. While fecal and food wastes are not processed for
recovery, new technologies have been implemented to recover water from humidity, condensate,
hygiene, and urine and created the Water Recovery System (WRS) (Figure 2.1) (Pickett et al.,
2019).
A Sabatier reactor, as part of the Oxygen Generation System (OGS) for air revitalization,
produces water and methane from hydrogen and carbon dioxide, provides additional water
generation (Carter et al., 2018; Pickett et al., 2019). The Urine Processor Assembly (UPA) and
Water Processor Assembly (WPA) are the primary subsystems that make up the WRS. Prior to
entering the UPA, the urine is pretreated with hexavalent chromium to prevent the precipitation
of uric acid and inhibit biological growth (Muirhead, 2018). Upon entering the UPA, the
pretreated urine is subjected to Vapor Compression Distillation (VCD) to separate the water
from the brine solution and recovers approximately 85% of the water found in the urine (Carter
et al., 2018; Pickett et al., 2019).
A new technology, termed the Brine Processor Assembly (BPA), aimed to treat the
concentrated brine emerging from the UPA has been delivered to the ISS for initial testing.
Utilizing forced convection from ambient air coupled with membrane distillation, water is
separated from the brine as vapor. This waster is recovered from the existing condensate system
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and aims to recover up to 80% of the water in the brine (Kelsey et al., 2018). While the
concentrated urine is stored for disposal, the distillate is merged with hygiene, condensate,
humidity, and the Sabatier generated water to enter the WPA. The WPA utilizes a series of gas
separators, disposable filters, and a catalytic reactor to remove gasses, odor, organics, inorganics,
and microorganisms, to achieve approximately 85% water recovery (Carter et al., 2019) . The
produced potable water is stored for on demand use with iodine added for residual biocide
control and a fraction of the potable water diverted into the OGS for oxygen generation (Carter et
al., 2018; Pickett et al., 2019).
The Universal Waste Management System (UWMS) has been developed by United
Technologies (UTC) Aerospace Systems for NASA. Delivered to the ISS for experimental
testing in 2020, the UWMS was intended to be the next generation technology for collecting
metabolic waste (Schneider et al., 2020). Urine is collected using suction provided by a dual fan
separator and routed for treatment and recovery. Fecal waste is processed with activated charcoal
filters to remove odor, collected in canisters, mechanically compressed, and sealed in
consumable hydrophobic bags. The canisters are stored without further treatment, treatment for
recovery, and are eventually disposed of. A Torrefaction Processing Unit (TPU) was considered
to be integrated into the design of the UWMS (Stapleton et al., 2013). The TPU uses thermal
treatment to superheat the fecal waste to inactivate the biological waste fraction and produce
water vapor that could be recovered. However, the TPU was not integrated into the model
delivered to the ISS for experimental testing, leaving fecal waste to be processed without any
recovery treatment (Schneider et al., 2020).
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Figure 2.1 Schematic of water recovery and management for the ISS US segment. (Carter et al.,
2018)
2.1.2.1 Current Environmental Control and Life Support System (ECLSS) Challenges
While efficient, reliable, and well documented, current ECLSS technologies are still
investigated for improved recovery, broader treatment capabilities, and reduced consumable
inputs to achieve a near closed-loop architecture. Requirements of ECLSS technologies in future
long-term and deep-space missions include 98% water recovery and the capability of treating all
forms of waste for recovery in sustainable approaches (Pickett et al., 2019). These approaches
aim to improve efficiency, reliability, and safety while minimizing downtime, failures, and
required maintenance to ensure crew safety and mission success. Table 2.1 summarizes targeted
improvements of wastewater treatment and recovery.
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Table 2.1 Capability gaps of ECLSS technologies for future missions. Adapted from (Anderson
et al., 2019)
Subsystem
Subsystem
Functional
Capability Gaps
Functional Grouping
Grouping
Water microbial
Common silver biocide with on-orbit re-dosing
control
Increased water recovery from urine (>85%),
Wastewater
Water Management
reliability, reduced expendables, dormancy
processing
survival
Urine brine
Water recovery from urine brine >90%
processing
Metabolic solid
Low mass, universal waste management system
waste
Waste Management
Urine collection
No moving parts urine separator
Non-metabolic sold
Volume reduction, stabilization, resource
waste
recovery
In-flight identification and quantification of
Water monitoring
species in water
Environmental
Monitoring
Microbial
Non-culture based in-flight monitor with
monitoring
species identification and quantification
2.1.3 Future Treatment and Resource Recovery
While much of today’s research aims to improve and optimize physical-chemical
technologies that are currently used for future missions, the development of novel technologies,
will be necessary to work in cooperation with existing technologies to achieve the high degree of
recovery and sustainability.
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Table 2.2 Comparison of physical/chemical and biological processes for space applications.
(Pickett et al., 2019)
Physical/Chemical Processes
Biological Processes
General
§ Extensive mission experience § Low resupply inputs and waste
Advantages
for space
outputs
§ Rapid and repeatable
§ High potential for resource recovery
(esp. plant nutrients)
§ Low energy (generally)
§ Operate under ambient conditions
General
§ High consumables
§ Little to no mission experience for
Disadvantages
§ High waste products
space
§ High temperature and
§ Generally slower
pressure
§ Can be less predictable if favorable
§ High energy
bioreactor conditions are not
§ Difficult for resource
maintained
recovery (esp. plant nutrients) § Microbes prone to toxic shocks
Reaction rate
§ Liquid: Fast (seconds to
§ Liquid: Moderate (minutes to hours)
minutes)
§ Solids: Slow (days to weeks)
§ Solids: Moderate (minutes to
hours)
Environmental
§ Often requires high
§ Ambient conditions for temperature
conditions
temperature and pressure
and pressure
§ Low-moderate: depending on
microbes used; microbes should be
well-isolated and appropriate
disinfection implemented
Energy input
§ High
§ Aerobic: moderate (aeration)
§ Anaerobic: low
§ Phototrophs: moderate (light)
Consumables
§ High
§ Aerobic: moderate
§ Anaerobic: low
§ Phototrophs: low
Waste products
§ High (metals, oxidants)
§ Aerobic: moderate
§ Anaerobic: low
§ Phototrophs: low
Opportunities for
§ Low
§ Aerobic: low
resource recovery
§ Anaerobic: high
§ Phototrophs: high
Ability to self§ None: process control and
§ High: organisms can self-regulate
regulate
monitoring systems
and adapt, in concert with process
mandatory.
control and monitoring systems
Mission experience § Used on ISS for over a decade § Terrestrially, various lab- and fieldsystems tested, but unproven for
space
Safety risks

§ High if high T & P and toxic
chemicals are involved
(storage, use, disposal)
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Table 2.3 Overview of closed ecosystem case studies. Adapted from (Pickett et al., 2019)
Plant
Nutrient/
System
Solids Decomposition
Air Revitalization Area
Level of Integration
Fertilizer Recovery
2
(m )
Lunar Palace 1
- 100% water
- Low pressure distillation of
- O2/CO2 strictly
(Fu et al., 2016;
Worm-assisted
- 100% air
urine
from plants1
Xie et al., 2017) Fermentation for inedible
69
- Fertilizer salts and food
- 20.5% N recovery in
- CO2: 1000105 d
plant biomass and feces
(prepackaged & meat)
remaining liquid
5000ppm
3CM
resupplied
- 100% water
BIOS-3
- 100% air
(Gitelson et al.,
- Fraction of fertilizer
Combustion of inedible
Direct application of filtered
- O2/CO2 strictly
1989)
63
from
hygiene + urea for
biomass
hygiene + urea to wheat plant
from plants2
4-6 months
wheat
2-3 CM
- 50% resupply mass
from fertilizer salts
- 100% water
Biosphere 2
- 100% air
Constructed wetland turf
(Nelson et al.,
- 83% diet from edible
scrubbers, and adsorptive foam - Air handlers for
2009)
Drying of fecal matter
15
biomass
separation for water treatment humidity control
2 yr
- 100% during
and nutrient removal
8 CM
succeeding 7month experiment

1
2

Sufficient for 1 Male and 2 Females, not 3 Males
13 m2 of plant growth area found sufficient for one CM respiration
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Table 2.3 (Continued) Overview of closed ecosystem case studies. Adapted from (Pickett et al., 2019)
CEEF (Tako et
- O2 from plants
al., 2008)
- NOx absorbers due to
- Processed waste
(Closed Ecology
Pyrolysis of fecal matter MF of nutrient run off from
pyrolysis emissions
carried out
Experiment
in DRI-LET toilet drying
plant production followed
- Solid amine for
150
- Vegetarian diet,
Facilities)
system
by RO with reject sent to UF
CO2 separation and
82% of diet supplied
3x7d
reutilization in
from harvested plants
2 CM + 2 Shiba
photosynthesis
goats
SCE (Gros et al.,
2003)
- 100% water
Physiochemical
(Small Closed
Physiochemical oxidation of Filtration via air tight user
- 100% air
oxidation of feces and
1.8
Ecosystem)
urine
mask (SRK PR-7)
- 6% diet from edible
plant waste
6 mo,
biomass
1 CM
Table 2.2 provides an overview of the strengths and weaknesses of physical-chemical and biological treatment methods.
Inherently, physical-chemical methods often provide on demand and reliable performance, making them ideal for emergent situations,
but typically require large amount of inputs and can create hazardous waste or conditions. Biological systems are known for requiring
little to no inputs but may require startup times and can have inconsistent performance during off nominal conditions. While biological
systems have yet to be implemented in space applications they have been extensively studied, with Table 2.3 presenting a summary of
these studies.
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2.1.3.1 Biological Life Support System (BLSS) Technologies
2.1.3.1.1 Texas Tech University’s (TTU) Counter Diffusion Membrane Aerated Nitrifying
Denitrifying Reactor (CoMANDR)
Texas Tech University (TTU) developed a biological treatment systems termed: Counter
Diffusion Membrane Aerated Nitrifying Denitrifying Reactor or the CoMANDR (Sevanthi et al.,
2018). Based on membrane aerated bioreactor (MABR) technology, the CoMANDR successfully
treated various combinations of urine, flush, hygiene, humidity, condensate, and laundry waste
streams in ISS, transit, and early planetary base (EPB) scenarios for over three years
(Christenson et al., 2018; Sevanthi et al., 2018). Figure 2.2 showed the waste flow (left) and
aeration flow (right) through the system. As a biological system, it can immediately treat waste
removing the need for intermediate storage tanks and requires only aeration, acids, and salts as
inputs (Barta et al., 2015). While analysis and optimization of mass, volume, and energy are
ongoing, challenges for this system include biofouling, extended startup following inoculation,
improving salt rejection, water permeance, automated control, and increased nitrogen removal
which does not recover nitrogen and currently achieves a maximum removal of 50% (Sevanthi et
al., 2018). Additionally, the CoMANDR treatment capabilities have not evaluated treating fecal
and food waste. However, the development of the CoMANDR series has assisted in providing a
foundation for the development of biological treatment systems capable of treating such waste,
including the OPA, to work in succession.
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Figure 2.2 Schematic of CoMANDR. (Sevanthi et al., 2018)
2.1.3.1.2 National Aerospace and Space Administration’s (NASA) Vegetable Production System
(Veggie)
The Vegetable Production System (Veggie) project was designed and developed between
NASA and ORBITEC to investigate the appropriate hardware necessary for the optimal growth
and production of edible plants in space. It was delivered to the ISS in 2014 to begin
microgravity testing and operation (Massa et al., 2017). Figure 2.3 illustrates a Veggie hardware
system with eighteen day-old romaine lettuce (Massa et al., 2017). The objectives of this initial
operation in 2014 was to assess the systems hardware, develop testing, operating, and harvesting
methods to understand plant production and safety as it relates to a space environment. In 2015,
astronauts consumed the edible plants produced in Veggie for the first time (Massa et al., 2017).
Current and future research aims to investigate extended plant growth periods, harvesting
techniques, water and nutrient delivery to address limitations and optimize performance (Massa
et al., 2017). Current nutrient delivery for plant production relies on resupply for current
operation and testing. However, the required fertilizer estimated for plant production is 90
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kg/CM-year, bringing into question the feasibility of providing such a large amount of mass and
weight. The effluent from primary biological treatment systems, such as the OPA and
CoMANDR, is typically rich in nutrients and was proposed as a sustainable source of both water
and nutrients for plant production projects, such as Veggie, and has been a driver for their
development (Pickett et al., 2019).

Figure 2.3 Veggie during ground testing. (Massa et al., 2017)
2.1.3.1.3 European Space Agency’s (ESA) Micro-Ecological Life Support System Alternative
(MELiSSA)
Like the ISS, future long-term, deep-space missions will be a global effort and require a
cohesive group of commercial and international partnerships to produce the necessary
technologies and support. One of the most prominent partnerships within the European Space
Agency (ESA) led to the development of the Micro-Ecological Life Support System Alternative
17

(MELiSSA) (Walkera & Granjoub, 2017). Utilizing four main treatment compartments:
thermophilic anaerobic bacteria, photoheterotrophic bacteria, nitrifying bacteria, and
photoautrophic bacteria with higher order plants, the comprehensive system aims “to construct
autonomous habitats in deep-space, supplying astronauts with fresh air, water and food through
continuous microbial recycling of human wastes” (Hendrickx et al., 2006; Lasseur et al., 2010;
Walkera & Granjoub, 2017). The development MELiSSA is one of the most ambitious and
prominent BLSS to be developed, though the system is still in development and has yet to be
fully integrated. Additonal challenges that remain are to increase energy efficiency primarily
related to lighting requirements for phototrophic bacteria and culturing appropriate consortia
tolerant of a dynamic ammonia influent (Hendrickx et al., 2006). The MELiSSA project
promotes a BLSS based architecture and paves the way for a similar development integrating
NASA based technologies including the OPA, CoMANDR, and Veggie.

Figure 2.4 Schematic of MELiSSA process. (Walkera & Granjoub, 2017)
18

2.2 Anaerobic Membrane Bioreactors (AnMBRs)
2.2.1 Introduction
A membrane bioreactor (MBR) is created by coupling a biological process for
remediation and the subsequent use of a semi-permeable material for filtration. The creation of
this technology quickly followed after the commercial development of filters (Judd, 2006).
MBRs are primarily favored in wastewater applications where a smaller footprint is required as
they can be scaled down to be quite compact, a distinct advantage not offered by conventional
wastewater treatment solutions (Bair, 2016; Xiaoa et al., 2019). The smaller footprint capability
is primarily due to complete retention of biomass by the membrane, concentrating microbial
activity and providing a higher degree of treatment in a smaller volume. The ability of MBRs to
recover water in a compact footprint makes them valuable in water scarce environments and
have become common in decentralized applications (Bair, 2016; Xiaoa et al., 2019). Much of the
research to improve MBRs focuses on decreasing their cost, use of chemicals, fouling mitigation,
operational complexity and increasing energy efficiency (Bair, 2016; Xiaoa et al., 2019).
2.2.2 Membranes
As the commercial development of membranes led to the development of the MBR, the
advancement of membrane technology has guided the advancement of MBR’s and their
configuration. Many considerations are taken into account for the utilization of membranes.
Material selection, primarily polymer and ceramics, offer certain advantages such as strength and
chemical resistance. The size of the membrane’s pores determines the level of filtration and
degree of rejection. They can take on many different forms including flat sheet, hollow-fiber, and
tubular. Design factors include surface area, flux, rejection, and resistance and are affected by
how the membrane is operated in a submerged or side-stream configuration.
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2.2.2.1 Types of Filtration
The five primary scales of filtration that exist are macrofiltration, microfiltration,
ultrafiltration, nanofiltration, and reverse osmosis. Pores provide a physical barrier, based on size
exclusion, to reject the desired constituents and selectively allow the effluent to pass through.
Table 2.4 lists the range of pore sizes that constitutes these types of filtration and their
corresponding filtration capabilities. Smaller pore sizes increase the rejection of smaller
constituents and yield a higher quality the effluent. However, with the smaller pore size, a larger
driving force (i.e. TMP) is needed to drive the water through the membrane and consequently
requires more energy. Macro-, micro-, and ultrafiltration often operate at a pressure generally up
to five bar and are primarily composed of a polymeric substance (Wang & Wang, 2019).
Generally used for primary treatment to remove larger constituents, these membranes are used as
a pretreatment to reduce the loading for downstream nanofiltration and reverse osmosis
membranes. Nanofiltration membranes operate at a slightly higher pressures ranging from two to
ten bar, reject virtually all constituents barring ionic compounds, and utilize composite materials,
cellulose, and acetate (Wang & Wang, 2019). Reverse osmosis, the smallest level of filtration,
operate at high pressures on the scale of hundredths, resulting in a high energy demand, but
retain salts and ions utilizing similar materials as nanofiltration membranes (Wang & Wang,
2019). Due to their filtration scale they are largely used in desalination processes but generally
require substantial pretreatment or additional processing including pulse flow or backwashing, to
reduce loading.
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Table 2.4 Filtration spectrum and associated constituents rejected. Adapted from (Pickett et al.,
2019)
Filtration Type
Pore Size Range
Rejected Constituents
Macro (MAF)
10-100 um
Clumped cells, planktons, parasite eggs
Micro (MF)
900 A-10 um
Individual algal cells, bacteria
Ultra (UF)
40-100 Å
Proteins, enzymes, colloids, viruses
Sugars, endotoxins/pyrogens, amino
Nano (NF)
8-80 Å
acids, polyvalent ions
Reverse Osmosis (RO)
5-50 Å
Salts, monovalent ions

2.2.2.2 Configuration
The first generation of MBRs used flat sheet membranes but experienced increased
optimization and application with the development of other membrane configurations (Judd,
2006). Most flat sheet membranes cannot be cleaned via backwashing, where the flow regime is
temporarily reversed to knock off foulants, and are typically only appropriate for a submerged
MBR configuration (Judd, 2006). Other MBR appropriate membrane configurations are tubular
and hollow-fiber, characterized by long cylindrical tubes designed for inside-out and outside-in
filtration, respectively. Both membrane types are capable of being cleaned via backwash, where
flow is reversed through the membrane to dislodge foulants, but promote a lesser degree of
turbulent flow than flat sheet membranes to increase mass transfer (Judd, 2006).
2.2.2.3 Operation
MBR membrane separation relies on a pressure gradient, typically created via pumps,
between the two sides of the membrane known as Transmembrane Pressure (TMP). TMP is used
as a measure of the pressure gradient between the two sides of the membrane. Increased TMP
indicates an increased pressure gradient and can suggest an issue with the membrane such as
extensive fouling. However, TMP is influenced by many characteristics including the membrane
material, pore size, configuration, operation, and waste characteristics. The flowrate of the
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permeate divided by the surface area of the membrane is known as the flux of the membrane to
obtain the rate of permeate production per unit area of the membrane and is used to monitor the
health of the membrane as well as its efficiency.
Two main operational configurations of membrane operation exist: submerged and
sidestream (Figure 2.5). As implied, submerged configurations operate the membrane directly in
the bioreactor. This configuration requires less volume for the membrane, allowing the system to
be more compact and have a lower energy demand as the pumping requirements are lowered
(Judd, 2006). However, this configuration faces difficulties, as it cannot cleaned be in place and
is not easily accessible for maintenance or replacement. Sidestream configurations pump the
bioreactor’s contents to and externally placed membrane, with the reject water recycled back into
the bioreactor. These configurations have an inherently higher disposition for fouling and energy
expenditure, as an increase in flux consequently increases fouling; it is believed that the
characteristic turbulent and shear force caused by pumping reduces particle size and contributes
to the release of foulants in the membrane (Judd, 2006). While increased fouling is observed
relative to immersed configurations, the external configuration permits the membranes to be
Cleaned In Place (CIP), is much easier maintain, and mitigates fouling.

Figure 2.5 (a) sidestream MBR (sMBR) (b) immersed MBR (iMBR). (Judd, 2006)
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Two hydraulic configurations exist that relate to membrane operation: pumped and gas
lift. Pumped is the conventional approach where the liquid feed is run through the membrane and
relatively simple to operate. Gas lift utilizes air or biogas, for aerobic and anaerobic systems
respectively, sparged in with the liquid membrane feed to provide scouring the mitigates cake
buildup and assists in keeping a constant flux (Vu et al., 2017). These systems offer better
fouling mitigation and increased permeate production but generally are more complex to operate
(Judd, 2006; Prieto et al., 2013).
2.2.3 Anaerobic Digestion
Anaerobic digestion is a complex biologically mediated degradation process that is
performed in the absence of oxygen. The four key phases that comprise anaerobic digestion:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis are summarized in Figure 2.6.

Figure 2.6 Anaerobic digestion multistage process. (Pickett et al., 2019)
In the hydrolysis phase, anaerobes utilize extracellular enzymes to break down large
complex organics such as carbohydrates into simpler organic monomers. Acidogenesis further
breaks down these monomers to produce volatile fatty acids (VFAs), which have many
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commercial uses including biodiesel and bioplastics (Lukitawesa et al., 2020). Acetogens then
uptake the VFAs to produce acetate and a combination of hydrogen and carbon dioxide gas.
Lastly methanogenesis utilizes the formed acetate to create a gaseous product primarily
consisting of methane, carbon dioxide, and trace amounts of hydrogen sulfide, water vapor, and
hydrogen (Calabria, 2014; Mirmohamadsadeghi et al., 2019). Due to the interconnection of
microorganisms associated with anaerobic digestion, the process is susceptible to various
inhibitions. For example with the acids, hydrogen, and carbon dioxide produced during these last
two stages, the pH of the reactor can often be reduced and can potentially inhibit the
methanogenesis (Calabria, 2014; Demirel & Yenigu¨n, 2002; Li et al.).
Table 2.5 General advantages and disadvantages of anaerobic digestion. Adapted from
(Tchobanoglous et al., 2014)
Advantages
Disadvantages
Longer startup time need to grow biomass
Low energy requirement
Low biological sludge production
Less nutrients required for plant
production
Methane production (source of energy)
Ability to quickly respond to substrate
addition after long periods of starvation
Elimination of off-gas air pollution
Effective pretreatment process

May require addition of alkalinity
Not capable of biological N & P removal
Much more susceptible to temperature
drop effects of reaction rates
May be more susceptible to upsets due to
toxic substances or extreme changes in
feed
May require further treatment to meet
discharge requirements
Potential of odor production and
corrosiveness of gas

Potential for low carbon footprint
Due to their preferred environment, anaerobes have a low energy requirement during
treatment due to no aeration requirement and their slow metabolic activity which consequently
produces less biological sludge when compared to aerobic systems. The production of the energy
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rich biogas during methanogenesis is one of the main proponents for choosing anaerobic over
aerobic, as it has excellent potential for recoverable energy and offsetting the energy demand
required for wastewater treatment with the potential to attain an energy neutral balance (Bair,
2016). In conventional wastewater treatment, anaerobic digestion is most often used to
breakdown and treat insoluble organics that are created in the primary aerobic treatment phase.
With the degradation of these organics, plant essential nutrients (i.e., N, P, K) are released. These
nutrients make anerobic treatment ideal for fertigation which introduces fertilizer into an
irrigation system for plant delivery (Prieto et al., 2013). Despite their aversion to oxygen,
anaerobes are robust organisms capable of immediate digestion after long-term starvation,
making them ideal for dormancy scenarios. Table 2.5 lists the highlighted advantages and
disadvantages of using anaerobic digestion in wastewater treatment.

25

Chapter 3: Materials and Methods
3.1 Introduction
Research into developing and evaluating the OPA required a mass variety of analytical
tools and methods, including water quality analyses, automated data logging, and control
systems. This section highlights the tools, techniques, and analyses utilized primarily associated
with assessing the performance of the OPA.
3.2 Reactor Inoculation
Anaerobic sludge was collected from anaerobic digesters of the South Cross Bayou
Advanced Water Reclamation Facility in St. Petersburg, FL. The sludge was sieved to remove
any debris and macro-particulates. Based on initial solids analysis the sludge was diluted by half
with water to achieve a more desirable consistency. Each reactor was filled with 19 L of sludge,
~770 g of packing media, sealed, and subsequently flushed with nitrogen gas to vent air out of
the headspace. At this stage the reactors are inoculated and prepared for operation.
3.3 Sample Collection, Preparation, and Storage
3.3.1 Sample Collection
System samples were taken from in-line of each of the indicated sampling points utilizing
integrated sampling ports and syringes. Samples for solid analysis were stored in 250 mL
polypropylene bottles at 4°C. Samples for total and soluble analysis were stored in 50- and 15mL Corning Falcon conical polypropylene tubes respectively at 4°C. All samples were typically
analyzed within one week after being taken with the except for retesting anomalous samples.
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Sample containers were soaked in a soap and disinfecting bath for at least one hour, rinsed with
tap water, rinsed with distilled water, and dried prior to sample collection. Most analyses were
performed in duplicate with triplicate readings, yielding six individual results per sample unless
indicated otherwise. The average and standard deviation of these results were taken and reported
as the value and ‘error’ respectively (shown in Ch.5 figures). Sampling was done on a weekly
(one/week) basis for most analyses.
3.3.2 Sample Preparation and Storage
Samples for total (particulate and dissolved) and solids analysis were brought to ambient
temperature if previously stored at 4°C and well mixed during analysis to bring settled solids
back into suspension and increase homogeneity. For total samples with a visibly high solids
content, pipette tips were cut to increase size opening and minimize the rejection of particulates
and decreasing the homogeneity of the sample for analysis. Samples for soluble (dissolved)
analysis were subjected to centrifugation at approximately 3660 RPM for at least 15 minutes.
After centrifugation, the supernatant was pipetted into a new container. In some cases, namely
for the influent sample, this process was repeated once more due to the number of particulates
and colloids present and was evaluated on individual basis. Soluble samples were subsequently
brought to ambient temperature for analysis if previously stored at 4°C. Due to the high strength
nature of the influent inherent to the high solids content many of samples were at levels beyond
the range of many of the parameters used. To rectify this, the samples were diluted with
deionized (DI) water to within range of the corresponding parameter and served as the sample to
be analyzed within each parameter.
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3.4 Water Quality Analyses
3.4.1 Total and Volatile Solids (TS/VS)
Total solids (TS) and volatile solids (VS) analyses were conducted in accordance with
EPA Method 1684 ("METHOD 1684 Total, Fixed, and Volatile Solids in Water, Solids, and
Biosolids," 2001). The sample was shaken to increase homogeneity and a known volume was
pipetted into a ceramic crucible of known weight at which point the total weight of the crucible
and sample were taken. Crucibles and samples were then placed in a Fisher ISOTEMP oven at
105°C for at least eight hours. Dried samples were removed and allowed to cool to ambient
temperature in a desiccator and the total weight was taken. Lastly, the sample was ignited in a
Thermolyne muffle furnace at 550°C for at least one hour. The ignited sample was removed and
allowed to cool to ambient temperature in a desiccator and the total weight was taken once more.
TS are represented by the number of dried solids that are present once the moisture is removed in
the oven at 105°C. VS are represented by the number of solids that ignited and burned off in the
muffled furnace at 550°C. The parameters are calculated by Equation 3.1 and 3.2
Equation. 3.1 TS= (M1 -M2 )⁄V1
Equation. 3.2 VS= TS-(M3 -M2 )⁄V1
where:
M1 = total weight of sample and crucible after 105°C
M2 = weight of crucible
M3 = total weight of sample and crucible after 550°C
V1 = volume of sample
While duplicate samples were conducted for analysis, triplicate readings couldn’t be
taken due to the inherent nature of method for this analysis.
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3.4.2 Total and Volatile Suspended Solids (TSS/VSS)
Total suspended solids (TSS) and volatile suspended solids (VSS) analyses were
conducted in accordance with ESS Method 340.2 ("ESS Method 340.2: Total Suspended Solids,
Mass Balance (Dried at 103-105EC) Volatile Suspended Solids (Ignited at 550EC)," 1993). The
sample was shaken to increase homogeneity and a known volume was pipetted onto a preweighed, 47 mm diameter, 1.5 μm Whatman glass microfilter rinsed with DI water. The sample
and filter were then subjected to a vacuum pump to remove the liquid fraction, leaving the
retained solid fraction of the sample and filter. The filter and retained sample were then placed in
an aluminum weigh dish and subsequently placed in a Fisher ISOTEMP oven at 105°C for at
least eight hours. The dried sample was removed and allowed to cool to ambient temperature in a
desiccator and the total weight of the retained solids and filter were taken. Lastly, the sample was
ignited in a Thermolyne muffle furnace at 550°C for at least one hour. The ignited sample was
then removed and allowed to cool to ambient temperature in a desiccator and the total weight
was taken once more. TSS are represented by the number of dried solids that are present on the
filter once the moisture is removed in the oven at 105°C. VSS are represented by the number of
solids on the filter that ignited and burned off in the muffled furnace at 550°C. The parameters
are calculated by Equation 3.3 and 3.4
Equation. 3.3 TSS= (M1 -M2 )⁄V1
Equation. 3.4 VSS= TSS-(M3 -M2 )⁄V1
where:
M1 = total weight of sample and filter after 105°C
M2 = weight of filter
M3 = total weight of sample and filter after 550°C
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V1 = volume of sample
While duplicate samples were conducted for analysis, triplicate readings couldn’t be
taken due to the inherent nature of method for this analysis.
3.4.3 Chemical Oxygen Demand (COD)
Chemical Oxygen Demand (COD) is defined as the amount of oxygen necessary for the
complete oxidation of carbon of organic matter and is commonly used to characterize wastewater
strength. Chemical oxygen demand (COD) analyses were measured in two fractions, total
(CODt) and soluble (CODs). Analyses of both fractions were conducted in accordance with Hach
Method 8000 utilizing Hach COD HR dichromate digestion kits. A 2 mL sample was pipetted
into the digestion vial with 2 mL of DI water pipetted into a separate digestion vial to serve as a
blank calibration. The digested vial was inverted several times to mix the contents and heated in
a COD reactor for two hours at 150°C. After the reaction time, the sample was cooled to room
temperature, wiped clean, and concentration measured using a Hach DR/4000U
spectrophotometer.
3.4.4 Total Organic Carbon (TOC)
Total Organic Carbon (TOC) is the measure of carbon found in organic compounds and,
similarly to COD, is used to measure wastewater strength. Soluble total organic carbon (TOC)
analyses were conducted in accordance with a Non-Dispersive Infrared Radiation (NDIR)
method using a Shimadzu total organic carbon analyzer (TOCA). A 20mL sample was pipetted
into cylindrical glass vials with a screw cap and septum. Prior to analysis, samples were acidified
with 1N Hydrochloric acid (HCL) and sparged with laboratory grade air to remove inorganic
carbon which could be a source of interference. A needle in the TOCA extracted the sample
through the septum and combusted the sample at 680°C, and the produced gas was measured
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using a non-dispersive infrared (NDIR) sensor. This produced an output area that could be used
to calculate concentration using calibration curves via standards of potassium hydrogen phthalate
(KHP) and potassium nitrate. Only soluble analyses were conducted as total fractions are a
source of interference and would have resulted in unreliable results.
3.4.5 Total Nitrogen (TN)
Soluble total nitrogen (TN) analyses were conducted in accordance with a
chemiluminescence method using a Shimadzu TOCA containing total nitrogen detector. A 20
mL sample was pipetted into cylindrical glass vials with a screw cap and septum. Prior to
analysis, samples were acidified with 1N HCL and sparged with laboratory grade air to remove
inorganic carbon which could be a source of interference. A needle in the TOCA extracted the
sample through the septum and combusted the sample at 680°C. Chemiluminescence measured
the nitrogen monoxide produced during combustion and was used to measure total nitrogen. This
produced an output area that could be used to calculate concentration using calibration curves via
standards of KHP and potassium nitrate. Only soluble analyses were conducted as total fractions
are a source of interference and would have resulted in unreliable results.
3.4.6 Ammonia Nitrogen (NH3)
Soluble ammonia nitrogen (NH3) analyses were conducted in accordance with Hach
Method 10031 and utilized Hach HR Ammonia Nitrogen kits. A 0.1 mL sample was pipetted
into the vial with 0.1 mL of DI water pipetted into a separate digestion vial to serve as a blank
calibration. Two reactive agent powder pillows of ammonia salicylate and cyanurate were added
to each vial and inverted several times to mix the contents and set out to react for 20 minutes.
After the reaction time, the sample was wiped clean and measured transmittance and correlated
to a concentration using a Hach DR/4000U spectrophotometer. Only soluble analyses were
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conducted as total fractions are a source of interference and would have resulted in unreliable
results.
3.4.7 Total Phosphorous (TP)
Soluble total phosphorous (TP) analyses were conducted in accordance with Hach
Method 10127 using Hach Total Phosphorus High Range Test’N’TubeTM. A 5 mL sample was
pipetted into the vial with 5 mL of DI water pipetted into a separate digestion vial to serve as a
blank calibration. One reactive agent powder pillow of potassium persulfate was added to each
vial and inverted several times to mix the contents and heated in a COD reactor for 30 minutes at
150°C. After heating, the sample was cooled to ambient temperature, treated with two liquid
reactive agents of 1.54N sodium hydroxide and molybdovanadate, and set out to react for seven
minutes. After the reaction time, the sample was wiped clean and measured transmittance and
correlated to a concentration using a Hach DR/4000U spectrophotometer within two minutes
after the reaction time had expired. Only soluble analyses were conducted as total fractions are a
source of interference and would have resulted in unreliable results.
3.4.8 pH
pH analyses were conducted using ion selective probes. Prior to and after analysis, the
probes were rinsed thoroughly with DI water and dried. The pH reading was taken during a 5-10
minute window to allow for stabilization and when little drift was observed. Only single samples
conducted for analysis, and singular readings taken due to the inherent nature of this method. pH
was measured for both OPA reactors and was conducted on reactor samples taken on a nearly
daily basis. Calibration of the pH probe was checked on a regular basis and recalibrated if
necessary. When not in use, the probe was stored in a pH probe storage solution.
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3.4.9 Oxidation Reduction Potential (ORP)
Oxidation Reduction Potential (ORP) analyses were conducted using an electron
sensitive probe. Prior to and after analysis, the probes were rinsed thoroughly with DI water and
dried. The ORP reading was taken during a 15-20 minute window to allow for stabilization and
when little drift was observed. Only single samples conducted for analysis and singular readings
taken due to the inherent nature of method for this analysis. ORP was measured for both OPA
reactors and was conducted on reactor samples taken on a nearly daily basis. Calibration of the
probe was checked on a regular basis and recalibrated if necessary. When not in use the probe
was stored in an ORP probe storage solution.
3.4.10 Turbidity
Turbidity analyses were conducted in accordance with Hach Method 8237. A compatible
cuvette cell was filled with the sample. The cell was wiped clean and measured turbidity using a
Hach 2100Q spectrophotometer. Calibration of the spectrophotometer was checked on a regular
basis and recalibrated if necessary. OPA effluent turbidity was the only sample measured as the
rest of the OPA samples were beyond the range of the spectrophotometer.
3.5 Automated Data Logging and Analysis
3.5.1 Biogas
Biogas production was measured using a laboratory drum wet gas flow meter. An
integrated magnet, pulse input adapter, and reed switch system connected to a HOBO U30
automated data logging system to automatically record biogas production. The magnet, attached
to the flow meter dial, would activate the reed switch once one complete revolution was
completed. This revolution correlated to a known amount of gas produced by volume and would
be recorded by the pulse input adapter into the automated logging system. Biogas samples were
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taken with a syringe and analyzed via gas chromatography. This was repeated for a standard
sample of pure methane and measured against the biogas sample to obtain the estimated methane
content of the biogas. The biogas production represents the collective biogas production of both
OPA reactors, as the reactors had a connected and shared headspace.
3.5.2 Pressure
To measure pressure differentials within the OPA membrane, pressure transducers were
used in line to and measured the influent into the membrane, the concentrate that was recycled in
back into the second reactor, and the effluent that filtered through the membrane. Each
transducer was individually calibrated prior to use using a PVC tube connected to pressure
gauge. A syringe was used to change the pressure and the corresponding voltage reading of the
transducer at five different pressures. These five different readings were used to create a linear
calibration used throughout operation for calculating pressure. The pressure readings were taken
every minute and recorded using a HOBO U30 automated data logging system. The daily
average of the pressure differential, TMP (discussed in Ch. 4), was reported.
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Chapter 4: Organic Processor Assembly (OPA) Design, Fabrication, and Experimental
Plan
4.1 EXpedite the PRocessing of Experiments to Space Station (EXPRESS) Rack Based Skid
4.1.1 Introduction and Design
The hardware that will house ECLSS technologies for LoDDSHE is still being
investigated, leaving unclear direction for sizing and designing such technologies. As the OPA
was designed to be such a technology, a target form factor needed to be identified as a suitable
surrogate due to the lack of future ECLSS housings. The current form factor for housing aboard
the ISS is a standardized racking system known as EXpedite the PRocessing of Experiments to
Space Station (EXPRESS) racks (Figure 4.1). The EXPRESS rack system is the most current and
appropriate as no future form factors have been officially announced and, as a NASA standard,
any future form factor will likely be derivative of the EXPRESS rack to ease hardware transition.
While intricately comprised of many fragments, the active volume of the EXPRESS rack is
composed of two shelves and powered drawers each that can be configured with the powered
drawers at the bottom like in Figure 4.1 or in between each of the system shelves.
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Figure 4.1 EXPRESS rack (a) occupied with quad lockers and empty drawers at the bottom (b)
occupied with WRS components and empty drawers at the bottom. (Carter et al., 2018; Roy,
2001)
4.1.2 Fabrication
It was decided to fabricate the OPA skid to the internal dimensions of an EXPRESS rack
to house the OPA. The approximate internal dimensions each shelf and drawer respectively are:
(L x W x H) of 20.195” x 34.68” x 19.94” and 23.23” x 15.94” x 5.88” ("EXpeddite the
PRocessing of Experiments to Space Station (EXPRESS) Rack Payloads Interface Definition
Document," 2013). Prior to finalization, the skid went through several design iterations including
considerations of a universal pallet being developed by United Technologies Corporation (UTC)
and NASA for human exploration missions (Stapleton et al., 2018). The skid was modelled after
the configuration with the powered drawers between each shelf. The frame of the skid was
constructed with aluminum extrusion and accessories. The extrusion was cut to length and
assembled with nuts and bolts. The nature and configuration of the extrusion allowed for quick
assembly/disassembly and modular changes to the skid. Clear acrylic panels were laser cut and
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reinforced with the aluminum extrusion to provide the base of each shelf and drawer. The clear
panels allowed for ease of monitoring, rapid identification of anomalies, and for more efficient
maintenance. Casters were installed at the bottom to provide easy transit. Figure 4.2 shows the
completed skid with a protective film over the clear acrylic. Figure 4.3 shows an envisioned 3D
rendering of the OPA while Figure 4.4 shows the actual OPA during operation.

Figure 4.2 EXPRESS rack skid.
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Figure 4.3 3D rendering of OPA in EXPRESS rack skid.

Figure 4.4 Profile view of fabricated OPA.
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4.2 Organic Processor Assembly (OPA)
The main objective of the OPA is to process a large degree of solids and organics found
in fecal waste and produce an effluent capable of downstream treatment that otherwise would
overload said systems and leading to failure. A system sized to treat the fecal waste of a crew of
four was the design criteria as the Orion Multi-Purpose Crew Vehicle (MPCV), that will be used
during the Artemis program and likely future missions, is designed for such ("Orion Quick
Facts," 2014). The generation of the combined fecal waste and flush for a four person crew is
estimated to be 2.5 L/d (Anderson et al., 2015).
Organic Loading Rate (OLR) quantifies the organic substrate entering the system per unit
of time and used when sizing the system and is calculated using Eq 4.1. Generally VFA and
biogas yield increases with OLR, maximizing between 9-12 g COD/L-d, but can decrease COD
removal with acidogenic inhibition implied at 15 g COD/L-d (Ali Musa et al., 2018; Antonio
Magdalena et al., 2019). A high solids retention time (SRT) was desired to provide time for
significant solid and organic digestion and was prioritized over potential increased biogas and
VFA yields. Considering the treatment of the high-strength waste, OLR, volumetric restrictions,
and commercially available resources, a series of three 20 L subsystems with an active volume of
19 L were fabricated for the system’s design. For the treatment of full-strength fecal waste, the
system had an approximate OLR of 0.3, 1.6, and 4 g COD/L-d for stages A-C respectively with
an average flowrate of 2.4 L/d and a Hydraulic Retention Time (HRT) of 22.5 days. This
conservative approach will allow for easier expansion of treatment capabilities in future research
that will increase the OLR.
Equation. 4.1

OLR= '!

(
'!
=
) +,-

39

where:
C0 = influent substrate (g-COD/L)
Q = flowrate (L/d)
V = active volume of the tank (L)
HRT = Hydraulic Retention Time (HRT)
Figure 4.5 shows Process Flow Diagram (PFD) of the OPA treatment process. Incoming
waste influent enters the Buffer Tank (BT) and retains much of the solids for a more controlled
release of waste into the reactors. A two-stage reactor system, Reactor 1 (R1) and Reactor 2
(R2), was designed to decouple and optimize the acidogenic and methanogenic phases of
anaerobic digestion, with the biogas collected from both reactors. The digested R2 content is fed
to the sidestream Membrane Module (MM) where the permeate is extracted into a collection
tank. The rejected constituents, consisting primarily of biomass and undigested particulates, is
recycled back into R2. Figure 4.6 shows a simplified Process and Instrumentation Diagram
(P&ID) of the OPA. To encourage an anaerobic environment in the BT and provide sufficient
headspace for biogas production, plumbing was used to interconnect the headspace of the BT
and both reactors. A compressible gasbag was added to the system to provide future capability
for biogas sampling analysis and afford a reserve headspace.
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Figure 4.5 PFD of OPA.

Figure 4.6 P&ID of OPA.
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4.2.1 Membrane Module (MM) Subsystem
4.2.1.1 Design and Fabrication
At the time of the membrane module (MM) construction, the OPA system was being
designed to treat the flush, fecal, urine, and food waste of a four person crew. Post MM
construction, The initial OPA target treatment was changed to just the fecal and flush waste of a
four person crew, due to plans to reroute urine to be processed by another bioreactor. This shift
resulted in a higher safety factor of the MM and theoretically allows for the MM to tolerate
volumetric shock loading four times higher than normal, barring significant fouling. The MM
consisted of multiple tubular (5.2 mm diameter), ultrafiltration, polyvinylidene fluoride (PVDF)
membranes from Pentair with an average pore size of 0.03 μm and a total estimated surface area
of 0.2024 m2. Clear PVC piping and fittings were used to construct the housing for the
membranes. This clear PVC provided direct observation of the membrane and visually monitor
for any biofilm growth or anomalous changes. Acrylic spacers were laser cut and inserted into
each end of the PVC pipe to assist in proper membrane configuration and distribution. The
spacers and membranes were set into place using a two-part epoxy. The MM was covered with
mylar on day 13 to mitigate biological growth Figure 4.7. depicts the MM in the end stage of
construction.

42

Figure 4.7 MM during construction.
4.2.1.2 Performance Calculations
Membrane specific parameters that are used to evaluate the membrane’s integrity and
performance prior to and during operation are discussed here. The average of the feed entering
the membrane and the retentate (concentrate) exiting the membrane is taken where the pressure
of the permeate leaving the other side of the membrane is subtracted (shown in Eq. 4.2).
Equation 4.2

TMP=

Pf +Pc
-Pp
2

where:
TMP = transmembrane pressure (bar)
Pf = feed pressure (bar)
Pc = concentrate (retentate) pressure (bar)
Pp = permeate (effluent) pressure (bar)
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The flux of a membrane is defined as the volumetric flowrate of liquid that passes through the
membrane per the surface area of the membrane (Eq. 4.3),
Equation 4.3

J= Qp ⁄Am

where:
J = membrane flux (L/m2/hr., LMH)
Qp = volumetric flowrate of permeate, membrane effluent (L/hr.)
Am = total membrane surface area (m2)
The specific flux (permeability) which is used to determine the integrity and effectiveness
of the constructed membrane module is define in Eq. 4.4
Equation 4.4

Js = J⁄TMP

where:
Js = specific membrane flux (L/m2/hr., LMH)
4.2.1.3 Hydraulic Testing
To ensure that the MM was properly constructed and will operate as intended, it was
operated with tap water to confirm integrity and baseline performance. The production of
permeate was manually changed to five different flowrates; the resulting TMP was recorded at
each point and was repeated three times. The average was taken for each different permeate
production rate as well as the corresponding TMP. The specific flux was calculated by dividing
the flux by the TMP. The measured specific flux was compared to the listed specific flux by the
manufacture and if it was found to be within 10% of the listed value the membrane was
considered fit for operation. If outside this acceptable range, the membrane would be inspected,
cleaned, and tested again. If rejected again, a new module would be fabricated.
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4.2.1.4 Membrane Maintenance
During operation membranes gradually develop a layer of particulates and biomass,
clogging pores, that decrease active membrane surface area and in some severe cases can clog
entire membranes. This results in a decreased specific flux, higher TMP, and is usually how
fouling is monitored. To address this various physical and chemical cleaning methods are used
mitigate and remove foulants. Depending on the methods and configuration physical and
chemical cleaning can be conducted with minimal operational.
4.2.1.4.1 Physical Membrane Maintenance
The physical membrane maintenance methods used were the physical relaxation and
backwashing of the membrane module. For relaxation the permeate pump drawing the permeate
through the membrane is temporarily paused. During this time, the membrane feed continues to
cycle through the membrane. The high-flow membrane feed pump created a strong cross flow
velocity that extricated foulants caked onto the membrane. For backwashing, the permeate pump
is reversed, which consequently reverses the flow through the membrane. This flow reversal
ejects many of the particulates clogging the pores and restores active membrane surface area.
These methods were conducted through the automated control of pumps and were run for three
minutes for relaxation and for 15 seconds for backwashing after 15 minutes of operation. Figure
4.8 shows how the MM was operated during these events.
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Figure 4.8 (a) Relaxation (b) backwash.
4.2.1.4.2 Chemical Membrane Maintenance
The chemical Clean-In-Place (CIP) membrane maintenance methods utilized were the
use of sodium hypochlorite and citric acid to remove any organic and inorganic foulants
respectively. A 0.01% (500 ppm) solution of sodium hypochlorite was run through the
membrane in the same manner as during operation for 30 minutes. The solution was then run in
the backwash configuration for 30 minutes. Post cleaning, the system was rinsed with clean tap
water for 30 minutes. This process was repeated with an 8% (80,000 ppm) solution of citric acid.
The use of chemical constituents was useful to address any biofilm formation on the outside
portion of the membrane. A series of valves were integrated into the design to provide a separate
membrane loop for cleaning. This allowed for the membrane to be easily and efficiently prepared
for chemical cleaning without removing the membrane from the system and minimized down
time. Figure 4.9 shows the results of a chemical cleaning event. Figure 4.10 shows a foulant
cleared from the membrane during this event. Biological growth was observed during temporary
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storage between hydraulic testing and operation. Chemical cleaning events were conducted as
needed and primarily based on visual observations of biological growth on the membrane and
were initiated on day 29, 50, and 417 to combat this prior growth. As part of dormancy
procedure, cleaning events were conducted in dormancy as well to maintain the membrane
against stagnant growth and allow the membrane to resume immediate treatment. These cleaning
events were conducted on day 162 (after the winter dormancy), 202 (going into COVID-19
dormancy), 309 (maintaining membrane during extended dormancy), and 349 (after COVID-19
dormancy).

Figure 4.9 MM (a) before chemical cleaning event (b) after chemical cleaning event.
.
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Figure 4.10 Cake pellet dislodged during chemical cleaning.
4.2.2 Biological Subsystems
4.2.2.1 Design and Fabrication
The biological subsystems of the OPA were comprised of a buffer tank, two sequential
anaerobic reactors, and an effluent collection tank. These systems were tasked with much of the
breakdown of solids and removal of organics. As biological systems and of an anaerobic nature
these systems required no external inputs or consumables. These subsystems were designed with
a rectangular geometry. This configuration is not the most optimal for microgravity
environments but was necessary to integrate the subsystems into the skid.
4.2.2.2 Buffer Tank (BT)
As diet, activity, and fluid consumption all contribute to the characteristics of a crew
members’ waste lead to a variable waste characteristics, a system capable of handling dynamic
waste is beneficial. The capability to handle fluctuating volumes and strengths of waste was the
main reason for the inclusion of the buffer tank. The primary objectives of the buffer tank were
to increase the system’s HRT, manage solids, and shield the bioreactors from shock loading
events. Due to the increased HRT the buffer tank was anticipated to achieve significant solid and
organic pretreatment and management before feeding into the downstream reactors. The tank
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was designed with a Nalgene 20 L rectangular HDPE carboy with an active volume of 19 L. The
inherent high solids and organic content of the waste was the main justification for the buffer
tank. The tank was designed to have a more controlled introduction of the waste into the reactors
as much of the solids were expected to settle. The system’s long HRT would allow for some pretreatment and solid degradation to occur.
4.2.2.3 Reactor 1 (R1)
The bioreactors were designed to work together in a two-stage configuration that
decouples the anaerobic digestion process. With a two stage system, R1 primarily hosted the
hydrolysis and acidogenesis phases which creates an acidic environment and is characterized by
a lower pH (5-6) (Jo et al., 2018). Acid producing bacteria continue to breakdown particulates
similarly to hydrolysis. The organic acids and lowered pH can inhibit methanogens and biogas
production (Demirel & Yenigu¨n, 2002; Li et al., 2016). This first stage isolated the organic
acids and allows for a slower and controlled introduction into R2. This provided substantial
treatment of the solids and organics in the waste and created a prepared digested effluent for the
sequential reactor. The R1 reactor was fabricated with a 20 L HDPE rectangular carboy and had
an active volume of 19 L. Though operated at ambient temperatures, the reactor was insulated
with mylar to regulate temperature as anaerobes generally perform better at warmer temperatures
in terms of methane production (Jiang et al., 2018).
4.2.2.4 Reactor 2 (R2)
As the second stage, R2 consequently carried out the methanogenesis phase of anaerobic
digestion. By the time the waste enters R2, a majority of the digested particulates have been
fragmented down from complex polymers and carbohydrates into simple organic compounds
(i.e., volatile fatty acids, in particular acetic acid). In this final stage, these digested constituents
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are converted by methanogenic archaea into a biogas, primarily comprised of methane and
carbon dioxide, and a fraction of the constituents routed for biomass generation. This produced a
highly digested effluent containing minimal solid particulates, liberated and soluble constituents,
and a methane biogas that possesses a strong energy potential. With minimal inhibition from the
acids produced in R1 due to the two stage design this step is generally characterized by a neutral
pH (Jo et al., 2018). R2 was fabricated with a 20 L HDPE rectangular carboy, had an active
volume of 19 L, and was insulated with mylar.
4.2.3 Control and Monitoring Subsystems
The control system, based on a programmable logic controller (PLC), was designed to be
fully automated and incorporate many safety factors and fail safes. The control system monitored
level sensing of all the OPA carboys and controlled all system pumps. The monitoring system, a
HOBO U30 data logging system was fully automated and could be read remotely. The only
manual actions required by the system were startup and shutdown of system (as needed),
chemical membrane maintenance (as needed), sample/data collection and analysis, and the
weekly preparation of simulated waste influent.
4.2.3.1 Level Sensing
Capacitance liquid level sensors were used to monitor the occupied volume of each
carboy. The sensors were a signal input that functioned as a feedback mechanism to the control
system to operate the pumps as desired. To prevent a carboy from potentially being drained or
overfilled in the event of an anomaly, two level sensors, monitored the volume. In the event that
any carboy volume reached 18 L, the system would no longer evacuate contents from the carboy
until more influent had been introduced from upstream. A mechanical failsafe was designed to
prevent the carboys from being emptied as draining a tank, especially a reactor, would be a
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severe failure. The plumbing that evacuated the contents of the carboy reached down to 16 L as
in the event of a sensor failure, the contents could only be drained to this volume, effectively
eliminating the concern of a carboy being emptied. The reverse is true that when any carboy
volume reached 19 L the carboy would no longer be filled until the contents had been evacuated
downstream. As an additional fail safe for the potential failure that a carboy was overfilled
and/or breach resulted in the spill of contents, a spill tray was designed with enough volume to
hold the contents of an entire carboy. During normal operation, all the carboy’s in the system
were kept at an active volume of approximately 19 L. When the sensor went inactive, the control
system would take measures to fill it until the sensor went active again. Any level sensor error
that detected an anomaly where the high-level sensor was active, but the low-level sensor was
inactive would put the system in stasis until the level sensor could be inspected and addressed.
4.2.3.2 Pumps
Peristaltic pumps were chosen due to their simplicity, gravity independence, ease to
change pump heads, and can clearly be monitored for burst tubing. The pumps were driven by
the signal output from the control system that was informed by the feedback from the level
sensors. As previously discussed, the pumps were turned on/off by the control system as
indicated by the level sensors to transport the fluid through the system. This system controlled
the direction of the pump that drew the permeate through the membrane as was necessary to
automate the physical membrane maintenance. On a timer the pump would be turned off or have
the flow reversed for the respective relaxation and backwashing of the membrane as previously
discussed.
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4.2.3.3 Biogas
The headspace of the buffer tank and both reactors were connected to allow for sufficient
volume for biogas production and help introduce a more anaerobic environment in the buffer
tank due to the potential of dissolved oxygen in the waste influent. The combined headspace
however prevented the individual tracking of biogas production of each reactor and therefore the
biogas production was monitored on a combined basis. A gas bag was installed on the system to
act as a buffer and to prevent over pressurization of the system in the event of anomaly that
resulted in a blockage of the gas line.
4.3 RAMS and Failure Mitigation
The Reliability, Availability, Maintainability, and Safety (RAMS) framework was used
to inform the design of the OPA architecture. These four considerations are not mutually
exclusive and often affect each other. Figure 4.11 highlights examples of design considerations
that improve one or more of the RAMS criteria. Notably, the compact and modular design, with
ease of access to front-facing pumps, tubing, and sampling ports, was heavily influenced by
considerations for availability and maintainability. During the design and fabrication of the
OPA, many considerations were built into the system to minimize failures, downtime,
maintenance, and prevent catastrophic failures. During operation, no catastrophic failures
occurred; however, minor errors were encountered. These error events became learning
opportunities to enhance the system’s RAMS and inform future improvements in design. Tables
4.1 and 4.2 lists a Failure Mode Effect Analysis (FMEA) of the system’s level sensors (Table
4.1) and pumps (Table 4.2). These tables were developed to anticipate possible failure modes,
associated consequences, and mitigation measures to either prevent such failure or keep effects
of errors from propagating.
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Figure 4.11 Venn Diagram of system design decisions that relate to the RAMS framework.
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Component

High Liquid
Level Sensor

Function

Detects the
presence of
liquid at the
tank's desired
HIGH level

Failure
Mode

Low Liquid
Level Sensor

Detection Method

Compensation
Provisions
Liquid level sensor
feedback/status to
PLC puts system put
in stasis

Fails to
operate

Unknown

Unknown

Liquid level sensor
feedback/status to
PLC

Does not
detect liquid
when liquid
is present

Feed pump
into tank is
operated

Tank is overfilled;
upstream tanks are
drained

Liquid level sensor
feedback/status to
PLC

Liquid level sensor
feedback/status to
PLC puts system put
in stasis

Detects
liquid when
liquid is not
present

Feed pump
into tank is
not operated

Tanks is drained;
Upstream tanks
overfill, and
downstream tanks
drain

Liquid level sensor
feedback/status to
PLC

Liquid level sensor
feedback/status to
PLC puts system put
in stasis

Unknown

Unknown

Liquid level sensor
feedback/status to
PLC

Feed pump
into tank is
operated

Tank is overfilled;
upstream tanks are
drained

Liquid level sensor
feedback/status to
PLC

Feed pump
into tank is
operated

Tank is overfilled;
upstream tanks are
drained

Liquid level sensor
feedback/status to
PLC

Fails to
operate
Detects the
presence of
liquid at the
tank's desired
LOW level

Table 4.1 Level sensor FMEA.
Next Higher/End
Local Effect
Effect

Does not
detect liquid
when liquid
is present
Detects
liquid when
liquid is not
present

Liquid level sensor
feedback/status to
PLC puts system put
in stasis
Liquid level sensor
feedback/status to
PLC puts system put
in stasis
Liquid level sensor
feedback/status to
PLC puts system put
in stasis
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Component

Function

Failure
Mode

Fails to
operate

External
Feed Tank
to Buffer
Tank Pump

Local
Effect

Buffer Tank
is drained

Transports
external
Operates
waste, to be
Buffer Tank
in
treated, into
is drained
reverse
Buffer Tank
from the
External
Tank
Buffer Tank
and/or
Operates
External
untimely
Tank is
drained or
overfilled

Table 4.2 Pump FMEA.
Next Higher/End
Effect

Detection Method

Downstream tanks
drain

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

External Tank is
overfilled with the
contents of the
Buffer Tank;
Upstream tanks
overfill, and
downstream tanks
drain

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Up and downstream
tanks may partially
drain or overfill due
to the inability to
maintain their
desired fluid range
and draw
fluid from Buffer
Tank and operate
untimely

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Compensation
Provisions
Liquid level sensor
feedback to PLC puts
system put in stasis;
Outtake tubing limited to
~1/3 the tank depth,
physically preventing
complete drainage of
tank; Pump status
feedback to PLC puts
system into stasis
Liquid level sensor
feedback to PLC puts
system put in stasis;
Pump operation outside
set window puts system
into stasis; Pump status
feedback to PLC puts
system into stasis
Liquid level sensor
feedback to PLC puts
system put in stasis;
Pump operation outside
set window puts system
into stasis; Outtake tubing
limited to ~1/3 the tank
depth, physically
preventing complete
drainage of tank; Pump
status feedback to PLC
puts system into stasis
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Table 4.2 (Continued) Pump FMEA.

Fails to
operate

Buffer Tank
to Reactor 1
Pump

Transports
Buffer Tank
effluent to
Reactor 1

Operates
in
reverse

Operates
untimely

Reactor 1 is
drained

Upstream tanks
overfill and
downstream tanks
drain

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Reactor 1 is
drained

Buffer Tank is
overfilled with the
contents of the
Reactor 1; Upstream
tanks overfill, and
downstream tanks
drain

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Reactor 1 is
drained or
overfilled

Up and downstream
tanks may partially
drain or overfill due
to the inability to
maintain their
desired fluid range
and draw fluid from
Reactor 1 and
operate untimely

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Liquid level sensor
feedback to PLC puts
system put in stasis;
Outtake tubing limited to
~1/3 the tank depth,
physically preventing
complete drainage of
tank; Pump status
feedback to PLC puts
system into stasis
Liquid level sensor
feedback to PLC puts
system put in stasis;
Pump operation outside
set window puts system
into stasis; Pump status
feedback to PLC puts
system into stasis
Liquid level sensor
feedback to PLC puts
system put in stasis;
Pump operation outside
set window puts system
into stasis; Outtake tubing
limited to ~1/3 the tank
depth, physically
preventing complete
drainage of tank; Pump
status feedback to PLC
puts system into stasis
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Table 4.2 (Continued) Pump FMEA.

Fails to
operate

Reactor 1 to
Reactor 2
Pump

Transports
Reactor 1
effluent to
Reactor 2

Operates
in
reverse

Operates
untimely

Reactor 2 is
drained

Upstream tanks
overfill and
downstream tanks
drain

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Reactor 2 is
drained

Reactor 1 is
overfilled with the
contents of the
Reactor 2; Upstream
tanks overfill, and
downstream tanks
drain

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Reactor 1 is
drained or
overfilled

Up and downstream
tanks may partially
drain or overfill due
to the inability to
maintain their
desired fluid range
and draw fluid from
Reactor 2 and
operate untimely

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Liquid level sensor
feedback to PLC puts
system put in stasis;
Outtake tubing limited to
~1/3 the tank depth,
physically preventing
complete drainage of
tank; Pump status
feedback to PLC puts
system into stasis
Liquid level sensor
feedback to PLC puts
system put in stasis;
Pump operation outside
set window puts system
into stasis; Pump status
feedback to PLC puts
system into stasis
Liquid level sensor
feedback to PLC puts
system put in stasis;
Pump operation outside
set window puts system
into stasis; Outtake tubing
limited to ~1/3 the tank
depth, physically
preventing complete
drainage of tank; Pump
status feedback to PLC
puts system into stasis
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Table 4.2 (Continued) Pump FMEA.

Reactor 2 to
Membrane
Pump

Transports
Reactor 2
effluent to
membrane

Liquid level sensor
feedback to PLC puts
system put in stasis;
Pump operation outside
set window puts system
into stasis; Outtake tubing
limited to ~1/3 the tank
depth, physically
preventing complete
drainage of tank; Pump
status feedback puts
system into stasis

Fails to
operate

Membrane
is severely
fouled and
possibly
clogged

Upstream tanks
overfill and
downstream tanks
drain

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Operates
in
reverse

Influent to
the
membrane
draws from
the bottom
of reactor

Membrane fouling
increases

PLC monitoring pump
status (to be
implemented)

Pump status feedback
puts system into stasis

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Liquid level sensor
feedback to PLC puts
system put in stasis;
Pump operation outside
set window puts system
into stasis; Outtake tubing
limited to ~1/3 the tank
depth, physically
preventing complete
drainage of tank; Pump
status feedback puts
system into stasis

Operates
untimely

Membrane
is severely
fouled and
possibly
clogged

Up and downstream
tanks may partially
drain or overfill due
to the inability to
maintain their
desired fluid range
and draw fluid from
Reactor 1 and
operate untimely
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Table 4.2 (Continued) Pump FMEA.

Fails to
operate

Membrane
to Permeate
Tank Pump

Transports
membrane
Permeate to
Permeate
Tank

Operates
in
reverse

Operates
untimely

Membrane
is relaxed

Upstream tanks
overfill and
downstream tanks
drain

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Liquid level sensor
feedback to PLC puts
system put in stasis;
Outtake tubing limited to
~1/3 the tank depth,
physically preventing
complete drainage of
tank; Pump status
feedback to PLC puts
system into stasis

Membrane
is
backwashed

Reactor 2 is
overfilled with the
contents of
Permeate Tank;
Upstream tanks
overfill, and
downstream tanks
drain; Membranes
collapse

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Liquid level sensor
feedback to PLC puts
system put in stasis;
Pump operation outside
set window puts system
into stasis; Pump status
feedback to PLC puts
system into stasis

Membrane
is relaxed or
backwashed

Up and downstream
tanks may partially
drain or overfill due
to the inability to
maintain their
desired fluid range
and draw fluid from
Reactor 2 and
operate untimely,
Membranes may
collapse

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Liquid level sensor
feedback to PLC puts
system put in stasis;
Pump operation outside
set window puts system
into stasis; Outtake tubing
limited to ~1/3 the tank
depth, physically
preventing complete
drainage of tank; Pump
status feedback to PLC
puts system into stasis
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Fails to
operate

Permeate
Tank to
Drain Tank
Pump

Transports
Permeate
Tank
effluent to
Drain Tank

Operates
in
reverse

Operates
untimely

Table 4.2 (Continued) Pump FMEA.
Liquid level sensor
feedback to PLC, PLC
monitoring pump
Permeate
Upstream tanks
operation duration (to
Tank is
overfill
be implemented), PLC
overfilled
monitoring pump
status (to be
implemented)
Liquid level sensor
Permeate
feedback to PLC, PLC
Tank is
monitoring pump
overfilled,
Upstream tanks
operation duration (to
and Drain
overfill
be implemented), PLC
Tank is
monitoring pump
drained
status (to be
implemented)

Permeate
Tank and/or
Drain Tank
is drained or
overfilled

Up and downstream
tanks may partially
drain or overfill due
to the inability to
maintain their
desired fluid range
and draw fluid from
Permeate and
operate untimely

Liquid level sensor
feedback to PLC, PLC
monitoring pump
operation duration (to
be implemented), PLC
monitoring pump
status (to be
implemented)

Liquid level sensor
feedback to PLC puts
system put in stasis;
Pump status feedback to
PLC puts system into
stasis
Liquid level sensor
feedback to PLC puts
system put in stasis;
Pump operation outside
set window puts system
into stasis; Pump status
feedback to PLC puts
system into stasis
Liquid level sensor
feedback to PLC puts
system put in stasis;
Pump operation outside
set window puts system
into stasis; Outtake tubing
limited to ~1/3 the tank
depth, physically
preventing complete
drainage of tank; Pump
status feedback to PLC
puts system into stasis
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4.4 Experimental Plan
The core objective of the OPA is to process the solids and complex organics that
comprise the high strength nature of fecal waste. Operating the system with such waste as the
influent is the logical first step in evaluating its feasibility. With an estimated fecal waste
generation of 0.132 kg/CM-day (0.032 kg/CM-day dry weight) and accounting for 0.5 kg/CMday of flush water utilized, the estimated solids content of the fecal waste stream is 5% (50 g/L)
(Anderson et al., 2015; Pickett et al., 2019). To immediately begin operating the OPA with this
high-solids content would likely invite operational/performance issues and potentially result in
perceived failure before fully evaluating the OPA. Instead, a phased approach was favored to
progressively introduce increasing solids content into the OPA in equidistant steps of 1%, 3%,
and 5% respectively referred to as stage A, B, and C with 5% representing full strength fecal
waste. These duration these stages were operated are show in Table 4.3

Stage A
Stage B
Stage C
Total

Table 4.3 Total and Operational Days for OPA.
Total Days (Includes Dormancy)
Operational Days
89
89
108
54
239
68
436
212

While testing real fecal waste presents the more realistic testing conditions, operating
with and harvesting real fecal waste creates complex health and safety risks that currently
outweigh the efforts for initial novel testing of the OPA. A surrogate, Complex Organic
Particulate Artificial Sewage (COPAS), was found to be an ideal substitute due to its nonhazardous nature, simple preparation, similar COD/TN ratios to real fecal waste, and previous
studies in anaerobic assays (Prieto et al., 2019). Table 4.4 summarizes anticipated characteristics
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of the COPAS influent during these stages compared the estimated characteristics of the fecal
and waste streams for an Early Planetary Base scenario.
Table 4.4 Key characteristics of COPAS influent vs EPB Fecal and Flush.(Anderson et al., 2015;
Jönson et al., 2005; Prieto et al., 2019),3
Parameter
Stage A Stage B Stage C EPB Fecal and Flush
Solids (g/L)
1% (10) 3% (30) 5% (50)
5% (50)
Organic Carbon (mg/L)
4761
14282
23803
21266
Nitrogen (mg-N/L)
581
1744
2907
2373
Phosphorous (mg/L)
144
431
719
791

As previously discussed, newfound logistical challenges exist to provide the necessary
payloads for LoDDSHE such as a Mars mission. To address this, payload delivery in advance of
anticipated crew arrival, potentially up to one year, has been considered. This would require said
payloads to reside in dormancy periods for up to 12 months while remaining viable (Carter et al.,
2016). To gain preliminary insight how the biological consortia in the reactors of the OPA
respond to a dormancy scenario, a small-scale simulation was conducted for 54 days where
operation ceased, while biogas production was measured to monitor biological activity. This was
done to coincide with the university’s winter break. Upon the end of the dormancy scenario,
operation and testing resumed while monitoring the biological response via biogas production.

3

Assumes: flush is 0.5 kg/CM-d and 1 kg/L density for EPB stream
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Chapter 5: Organic Processor Assembly (OPA) Operation and Performance
5.1 Introduction
The parameters measured to assess the OPA revolve around its ability to handle this high
solids influent. These measurements aimed to evaluate the capability of the OPA to break down
significant portions of the solid and organic fractions and produce an effluent water rich in
soluble, recoverable nutrients, and an energy rich biogas by-product without significantly
overloading the system.
5.2 Results and Discussion
5.2.1 Water Quality
5.2.1.1 Solids
Prior to the dormancy period, solid analysis was conducted in a batch manner, where
weekly samples were stored and analyzed collectively on a monthly basis. It was eventually
determined that this method of batching was a source of interference as the combination of the
length of storage and storage at 4°C resulted in degradation of the sample, preventing accurate
solids data being obtained or measured prior to the dormancy evaluation. After the dormancy
period, solid analysis was conducted in the same week the sample was collected. Initially a total
approximate volume of 75 mL was taken for analysis for each sample. This was eventually
determined to be insufficient for all analysis and was increased to 315 mL after the winter
dormancy. During this time TS/VS analysis was not conducted to allow for other analysis,
including TSS/VSS which is a nearly identical analytical method.
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Significant settling was still observed despite mixing of the influent during feeding and
resulted in a rather dynamic influent and loading. However, this was determined to be beneficial
in determining the OPA’s capability range. As can be seen in Figures 5.1 and 5.2, the total solid
concentration fed to the reactor during stage B and C at one point reached over 9% (90 g/L) and
nearly 20% (200 g/L) respectively. These influent levels were three and five times the nominal
influent, and still resulted in a consistently low effluent. It should be noted that there was a
difference of multiple orders of magnitude in concentration between influent and effluent for
several of the water quality parameters tested in this study. The data for solids, COD, TOC, N
and P are shown in both linear and logarithmic scales in subsequent figures. This was done as
some values are drastically different and difficult to observe solely on a linear scale.
Although the influent varied, the OPA achieved substantial treatment and removal of
both total and suspended solids as summarized in Figures 5.1 and 5.2 and were found to have a
cumulative average removal of 96%, 99%, 94%, and 99%, for TS, VS, TSS, and VSS,
respectively. The effluent suspended solids concentration ideally should be near non-detect
levels as the membrane filtration rejects all particulates. However, in practice, biological
regrowth on the outside of the membrane is inevitable due to the rich presence of soluble
nutrients and will result in some presence of suspended solids.
As designed, the buffer tank (BT) shielded the reactors from being overloaded as settling
contained much of the solids within the buffer tank. This allowed for controlled treatment and
conversion of the solids and organics into the subsequent reactors and confirmed the necessity of
the buffer tank. The SRT (Figure 5.3) was estimated using active tank volume combined with the
weekly volume collected for sampling and the weekly average flow through the system
(production). Inherently AnMBRs have a high SRT as the membrane retains all solids. The two
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significant peaks observed in Stage B and C correlate to a low weekly average flowrate through
the system. The peak in Stage B was due to a pump burning out that was initially unnoticed and
halted production. The peak in Stage C is believed to be attributed to the high accumulation of
solids that began to affect the membrane (see TMP data) and again resulted in a decrease in
production. With an average SRT of 14 days for BT, R1, and R2 the total SRT before reaching
the membrane is 36 days. This large SRT was a crucial design factor and allowed the OPA to
handle such high strength waste.

Figure 5.1 TS/VS profile: (a) linear scale (b) logarithmic scale.
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Figure 5.1 (Continued) TS/VS profile: (a) linear scale (b) logarithmic scale.

Figure 5.2 TSS/VSS profile: (a) linear scale (b) logarithmic scale.

66

Figure 5.2 (Continued) TSS/VSS profile: (a) linear scale (b) logarithmic scale.

Figure 5.3 Solids Retention Time Profile.
5.2.1.2 Chemical Oxygen Demand (COD)
For domestic wastewater, COD levels of approximately 850 mg/L or above are
considered high strength; however, as Table 4.4. indicated, the anticipated influent for the OPA
is significantly stronger for all stages (Metcalf & Eddy, 2003). The OPA system achieved a
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cumulative average removal of 95% and 87% for total and soluble COD respectively,
summarized in Figure 5.4, indicating that treatment of high strength and high solid waste is
achievable. The dynamic influent is supported by the high variation of total COD seen in Figure
5.4. The effluent COD is still considered high strength by domestic standards (>850 mg/L),
however considering the influent levels and degree of removal, it is much more treatable for
downstream technologies with low concern for overloading said technologies. The OPA was
consistently able to break down large fractions of the introduced solids and create a solid free
and low organic effluent. Figures 5.4-5.7 (below) highlight the comprehensive breakdown and
treatment of COD by each treatment step within the OPA. With much of the total COD locked in
the particulates which settled and accumulated in the buffer tank (BT), a majority of the solid
breakdown and conversion from total to soluble occurred in this stage. This allowed for the
microorganism in the reactors to more readily metabolize the COD for biomass conversion and
biogas production.

Figure 5.4 COD profile: (a) linear scale and (b) logarithmic scale.
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Figure 5.4 (Continued) COD profile: (a) linear scale and (b) logarithmic scale.

Figure 5.5 COD profile after each treatment step during stage A: (a) linear scale (b) logarithmic
scale.
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Figure 5.5 (Continued) COD profile after each treatment step during stage A: (a) linear scale (b)
logarithmic scale.

Figure 5.6 COD removal by each treatment step during stage A: (a) total COD removal (b)
soluble COD removal.
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Figure 5.7 COD profile after each treatment step during stage B: (a) linear scale (b) logarithmic
scale.

Figure 5.8 COD removal by each treatment step during stage B: (a) total COD removal (b)
soluble COD removal.
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Figure 5.9 COD profile after each treatment step during stage C: (a) linear scale (b) logarithmic
scale.

Figure 5.10 COD removal by each treatment step during stage C: (a) total COD removal (b)
soluble COD removal.
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5.2.1.3 Total Organic Carbon (TOC)
For domestic wastewater, TOC levels of approximately 260 mg/L or above are
considered high-strength; however as Table 4.4 indicated, the anticipated influent for the OPA is
significantly stronger for all stages (Metcalf & Eddy, 2003). For potable water use in the U.S.
segment of the ISS, the TOC limit is 3 mg/L (Straub II et al., 2017). As COD and TOC are
closely correlated parameters it stands to reason that similar trends and performance were
observed. With a cumulative average soluble TOC removal of 83%, this further supports the
OPA’s capability to treat very high strength waste and produce a more manageable effluent as
shown in Figure 5.11.
Figures 5.12-5.15 (below) highlight the comprehensive breakdown and treatment of TOC
by each treatment step within the OPA. As TOC is measured directly on board the ISS to
monitor water quality, this is one of the more critical parameters for contextualizing the OPA’s
performance and its comparison to similar and complimentary treatment technologies. When
Stage C operation began, the Shimadzu total organic carbon analyzer that measured organic
carbon levels was inoperable. This, regrettably, resulted in a lack of TOC data for Stage C and is
reflected in the figures. Since COD and TOC are closely correlated, organic removal
performance for Stage C can be observed from COD data.
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Figure 5.11 TOC profile: (a) linear scale (b) logarithmic scale.
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Figure 5.12 TOC profile after each treatment step during stage A: (a) linear scale (b) logarithmic
scale.

Figure 5.13 TOC removal by each treatment step during stage A.
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Figure 5.14 TOC profile after each treatment step during stage B: (a) linear scale (b) logarithmic
scale.

Figure 5.15 TOC removal by each treatment step during stage B.
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5.2.1.4 Total Nitrogen (TN) and Ammonia Nitrogen (NH3-N)
Total nitrogen was measured to primarily characterize the effluent concentration and
ascertain its potential to provide a nitrogen source for plant growth. Ammonia was measured to
monitor for possible inhibitory effects that can begin approximately at 1500-1700 mg-N/L but is
also beneficial at low concentrations (<250 mg-N/L) (Jiang et al., 2019; Yenigün & Demirel,
2013). Complete inhibition and souring of the reactor can occur due to high levels of ammonia
but varies with several parameters including temperature and pH (Jiang et al., 2019; Yenigün &
Demirel, 2013). With proper acclimation some studies have reported tolerance to levels as high
as 9000 mg-N/L (Jiang et al., 2019; Yenigün & Demirel, 2013). With an average effluent of 671
mg/L (Figure 5.16a, b) there is little concern of reaching significant inhibition levels except in
anomalistic events such as severe ammonia shock loading. Figures 5.17-5.19 highlight the
comprehensive processing of TN by each treatment step within the OPA. Figure 5.16b depicts an
influent ammonia level that goes below the logarithmic axis due to its value being less than one
(0.4). This value is not uncharacteristic as some influent levels are single digits, even in Stage C.
This could coincide with sampling shortly after a fresh feed preparation before any degradation,
and release of soluble ammonia, could occur. When Stage C operation began, the Shimadzu total
organic carbon analyzer that measured nitrogen in addition to organic carbon was inoperable.
This, regrettably, resulted in a lack of nitrogen data for Stage C and is reflected in the figures
with only ammonia data available. While ammonia nitrogen was low enough to not be of
concern for reactor inhibition, the nitrogen present could prove as a valuable source for plants.
For the most part, anaerobic digestion does not remove nitrogen from the liquid phase; rather, it
breaks down organic nitrogen (e.g., proteins) into ammonium through ammonification. Thus, the
role of the AnMBR should be viewed from the perspective of resource recovery (rather than
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removal), as a “nutrient pump” to convert bound nutrients into soluble nutrients which could be
used as fertilizer. The replenishment nutrient solution for edible plant production similar to those
studied in VEGGIE utilizes 1,051 mg/L of nitrogen (Anderson et al., 2015; Wheeler et al., 1999).
Figure 5.16c depicts the cumulative mass of nitrogen that enters (approximately 300 g) and
leaves (approximately 50 g) the OPA over the course of the study. In other words, 300 g of
unusable N bound in solid, organic waste material entered the OPA, and 50 g became solubilized
with the potential to be recovered and used as plant fertilizer. The vertical gap between the
influent curve and the effluent curve represents mass of nitrogen (250 g) that are still remaining
in the OPA, likely as part of organic matter. Future efforts will be aimed at increasing the mass
of recoverable nitrogen, possibly through thermal or enzymatic pretreatment or thermophilic
anaerobic digestion in R1.

Figure 5.16 TN and NH3-N profile: (a) linear scale (b) logarithmic scale (c) cumulative (TN
only).
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Figure 5.16 (Continued) TN and NH3-N profile: (a) linear scale (b) logarithmic scale (c)
cumulative (TN only).
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Figure 5.17 TN and NH3-N profile after each treatment step during stage A: (a) linear scale (b)
logarithmic scale.
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Figure 5.18 TN and NH3-N profile after each treatment step during stage B: (a) linear scale (b)
logarithmic scale.
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Figure 5.19 NH3-N profile after each treatment step during stage C: (a) linear scale (b)
logarithmic scale.
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5.2.1.5 Total Phosphorous (TP)
Phosphorous was measured primarily to monitor the effluent concentration and ascertain
its potential to provide a phosphorous source for plant growth. The removal of phosphorous
observed in Figure 5.20a,b is primarily believed to be attributed to settling of unconverted
particulates and as phosphorous is more readily released during ATP reduction and is more
inclined to precipitate than compared to nitrogen. However, at an average of 390 mg/L in the
Stage C effluent, significant phosphorus is still present and has strong potential to be
accumulated and recovered in downstream processes and utilized as a plant nutrient source. A
replenishment nutrient solution for edible plant production similar to those studied in VEGGIE
utilizes 697 mg/L of phosphorous (Anderson et al., 2015; Wheeler et al., 1999) Throughout the
operation, a cumulative total of 165 g of phosphorous was recovered (Figure 5.20c). The vertical
gap between the influent curve and the effluent curve represents the mass of phosphorous (227 g)
that is still remaining in the OPA. Figures 5.21-5.26 highlight the comprehensive processing of
TP by each treatment step within the OPA.

Figure 5.20 TP profile: (a) linear scale (b) logarithmic scale (c).
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Figure 5.20 (Continued) TP profile: (a) linear scale (b) logarithmic scale (c).
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Figure 5.21 TP profile after each treatment step during stage A: (a) linear scale (b) logarithmic
scale.

Figure 5.22 TP removal by each treatment step during stage A.
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Figure 5.23 TP profile after each treatment step during stage B: (a) linear scale, (b) logarithmic
scale.

Figure 5.24 TP removal by each treatment step during stage B.
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Figure 5.25 TP profile after each treatment step during stage C: (a) linear scale, (b) logarithmic
scale.

Figure 5.26 TP removal by each treatment step during stage C.
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5.2.1.6 Turbidity
The turbidity of the effluent found was found have an average of 86 NTU (Figure 5.27),
much higher than anticipated for typical UF permeate. However, much of this was observed to
be permeate-side sample interference due to biological regrowth. Representative sampling of the
effluent was challenging as biological growth (especially algae) on the outside of the membrane
tubes resulted in suspended solids and particulates sloughing off. Strategic sampling was
employed by wasting the first 30 mL of permeate that was collected to help ensure a fresh
sample was measured. By covering up the clear membrane housing and subsequent membrane
cleaning, permeate side biological growth was mitigated. The turbidity was found to be as low as
5 NTU and this was believed to be more representative of the uninhibited permeate. Considering
that the waste influent held a turbidity beyond measurable levels (>10000 NTU), the production
of a measurable turbidity is a significant improvement. This helps to reduces the stress on
downstream systems, such as algae reactors or hydroponic crop systems.

Figure 5.27 Turbidity effluent profile.
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5.2.2 Reactor Monitoring
5.2.2.1 pH
With a two-stage anaerobic digester design as the reactor subsystem, it was anticipated
that that the first digester would primarily carry out the hydrolysis and acidogenesis of the
anaerobic digestion process which is inherently characterized by a slightly acidic pH while the
second digester would primarily execute the methanogenesis step of the anaerobic digestion,
characterized by an acidic-neutral pH. With an average pH of 5.7 and 6.7 for reactor 1 and 2
(Figure 5.28) respectively, it was confirmed that the subsystem functioned as designed. The
system’s reactors tolerated the phase changes well with minimal variations. A gradual increase of
pH in R1 was observed during the end of stage A, but the pH gradually decreased to earlier
levels coming out of dormancy with the continuation of organic feed. The rising pH in R1 during
late stage A likely reflected the conversion of VFAs to methane, but as organic feed continued,
acid production rate again dominated, causing a return to lower pH values. The system’s high
residence time and dormancy delayed the effect of the introduction of stage B but as the
strengthened waste reached R1, acidogenesis once more became the active process leading back
to a gradual decline in the pH of R1. Beginning the evening of day 372, a sampling port was
accidentally left open which resulted in R2 being actively aerated for approximately 15 hours.
This resulted in a temporary rise in pH for R2 likely due to carbon dioxide being removed during
aeration but quickly returned to a normal range. Two exceptional low pH readings were recorded
for R1 during Stage C and was believed to be due to anomalous sampling. As the solids
continuously accumulate it is possible that some sampling pulled a significant amount of
undigested waste, which was measured to have a pH lower than 4.5, relative to R1 consortia and
lowered the pH for that reading.
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Figure 5.28 Reactor pH profile.
5.2.2.2 ORP
Anaerobic digestion requires not just an oxygen-free but also a reducing environment. A
highly-negative ORP value should be observed and can be used as an indicator of an anaerobic
environment. ORP is has a larger subjectivity to interference from the ambient air during
measurement and was minimized but some variability was still observed. The first reactor was
introduced to much of the dissolved oxygen in the water, resulting in a higher ORP. However, as
the reactor subsystems had a shared headspace, the continued and increased presence of biogas
created a potent anaerobic environment and ORP of the first reactor slowly declined. During
dormancy the individual systems continued to proceed through anaerobic digestion but as
substrate is depleted the anaerobic activity can decline. This is indicated by the elevated ORP
readings as the system was brought out of the winter dormancy. While this was observed for R2
for the COVID-19 dormancy, it was not for R1. This is suspected to be due the continuous
accumulation of solids fed into R1. R1 likely accumulated a substantial amount of substrate to
sustain significant biological activity throughout the second dormancy and maintained a low
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ORP. Increasingly variable ORP readings occurred during Stage C, particularly for R1, and can
be attributed to a few possible changes. As solids continuously accumulated in the system, the
waste characteristics of the COPAS could have potentially begun to show up in the ORP
readings rather than just anaerobic activity. The readings became increasingly variable after the
aeration anomaly that occurred on day 372. As there was a shared headspace between the
reactors and buffer tank, all components were exposed to air. This fluctuation could indicate a
lag response but one that had minimal effect on the biological performance as significant biogas
production was still observed. With an average cumulative average ORP of -247 and -328 for
reactor 1 and 2 respectively (Figure 5.29), it can be confidently assumed that an anaerobic
environment was present.

Figure 5.29 Reactor ORP profile.
5.2.2.3 Biogas Production
Biogas serves as a true measurement of methanogenesis and has a strong energy
potential, making it a valuable source for resource recovery especially in a LoDDSHE
environment. Figure 5.30 illustrates the biogas production profile and observed a cumulative
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average production of 12 L/d during Stages A-C and 1 L/d during dormancies. During dormancy,
biogas production was still observed and slowly tapered as the undigested, static organics were
consumed. Upon startup, biogas production resumed with a tapered progression. On day 193, a
gas leak in the outgoing line leading to the gas meter was detected and subsequently fixed. The
timeline of the leak is unknown as the system was inspected prior to initiation (day one) with no
leaks observed. Repairing of the leak led to an increase in measured gas production and the
postulate that true biogas production prior to the leak was higher than illustrated and on par with
post dormancy levels. The measured biogas production and COD fed into the system during
Stage C operation was used to estimate what the measured biogas production would have been
without the leak. This is displayed in Figure 5.30 as the corrected daily biogas production for
each week prior to the discovery of the leak. As the corrected biogas production correlates quite
closely with the measured biogas production in Stage A this indicates that the leak developed
during the winter dormancy. This is supported by the large discrepancy that can be observed
between the measured and corrected biogas production in Stage B prior to the leak’s discovery.
The corrected biogas production in Stage B is significantly higher than the biogas production
during Stage C which is in part due to the high spike of COD initially introduced as the system
was brought out of dormancy. A gradual decrease in biogas production is observed near the end
of Stage C and is believed to due to the aeration of R2 that occurred on day 372. This also
includes some days that no biogas production was observed. This coincided with operational
errors that resulted in a clogged gas line out to the meter and vented the gas during this time.
While the anaerobic consortia were seemingly affected by the event, the continued biogas
production and substantial removal of organics and solids is a testament to their hardy nature.
Concerns of air being introduced, under nominal conditions, to the anaerobic environments of
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the reactors are minimal as a positive pressure environment from gas production likely prevented
this. Due to the COVID-19 pandemic, the system was once more put into dormancy with biogas
production still measured as it could be monitored remotely. With the leak repaired and
presumably sealing the system, sustained biogas production was observed over a longer degree
during the COVID-19 dormancy than previously. This dormancy lasted nearly five months (147
days) with biogas production observed throughout the dormancy with an increase in production
once operation resumed. With biological consortia capable of tolerating such a dormancy, this
shows great promise for tolerating an extended transit time.
Table 5.1 shows the average daily biogas production measured during the operational
stages along with the estimated theoretical biogas production, if 100% of the COD removed
(difference between influent and effluent COD) was converted to biogas. Eq. 5.1 shows how the
theoretical calculations were made.
The difference between the measured and theoretical biogas values reflects the fact that
not all of the influent particulate COD was converted to biogas; a fraction of which accumulated
in the system as solids. Also, some of the COD consumed by the microbes was routed to biomass
growth (generally 5-8% of the COD consumed), rather than used for methane production.. Also,
the inherent difficulty in maintaining a gas tight system and accurate gas measurement can be a
source of inaccuracy as is supported by the discovered gas leak.

Stage A
Stage B
Stage C

4

Table 5.1 Measured vs theoretical biogas production.
Average Daily Biogas
Theoretical Daily Biogas
4
Production (L/d)
Production (L/d)
4.7 +/- 3.4
11
6.4 +/- 10.8
79
25.5 +/- 17.4

169

+/- values represent standard deviation
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Equation 5.1 Theoretical biogas Production (L/d) =( (Mr *Xg )*T1 ⁄T2 )/Xm
where:
Mr = average total COD removal rate (g COD/d)
Xg = 0.35 L CH4/g COD (Rittman & P.L., 2001)
T1 = ambient temperature (298.15K)
T2 = standard temperature (273.15K)
Xm = methane fraction of biogas (0.53)5

Figure 5.30 Biogas profile overview.
5.2.3 Membrane Performance
5.2.3.1 Transmembrane Pressure (TMP)
With an average TMP of 0.11 bar, the membrane module (MM) satisfactorily separated
the treated effluent from the reactor biomass and any untreated particulates without overloading
the membrane as can be observed in Figure 5.31. Specific flux of MBRs can vary greatly,

5

value measured through gas chromatography analysis of sample taken on day 143
94

ranging from less than 10 LMH/bar to over 100 LMH/bar and depend on configuration,
operation and waste treated. The average specific flux for the MM was approximately 8.58
LMH/bar, placing it on the lower range but was considered plausible due to the high strength
waste being introduced into the system.
For many commercial processes the TMP for a given membrane filtration process is
typically much higher. MBRs of a tubular, sidestream configuration utilized for commercial
wastewater treatment in the Netherlands, UK, and China observed TMPs that ranged from 1-5
bar (Judd, 2006). Given that the membrane module used for this study was designed to be
oversized to allow for shock loading and for some level of fouling, the anticipated TMP for this
process is expected to be low. During the initial operation, from startup to day thirty-six, the
permeate pump was not at the target daily flowrate, primarily due to the pump size and the time
spent for backwashing and relaxing the membrane for maintenance. During this time until the
control and pump could be properly modified, an in-line valve was used to control the flow of
the concentrate back into R2 and mechanically force the desired permeation from the feed side
that would normally be created by the created by the effluent pump. On a daily basis the effluent
production was measured, and the valve was turned to be more opened or closed based on the
production relative to the target production. This resulted resulting in a higher, dynamic TMP for
that duration. Once the control configuration was reoptimized, this manual method ceased and a
consistent TMP was observed. Prior to the end of the stage B the effluent pump tubing became
kinked and is believed to be the result of the slightly higher and dynamic TMP observed near the
end. A much higher and variable TMP is observed in the latter half of Stage C. The gradual
accumulation of solids, as not all are completely digested, eventually increases the solids content
throughout the system as can be observed from the previously discussed solids data. The
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thickened digestate can require a larger TMP to filter the soluble effluent from the increasing
particulates. However, as the TMP never exceeded one bar, the membrane operation and
performance is still very much within the desired range. The design of the membrane provided
sufficient safety factor for a sustainable TMP without significant fluctuations attributed to the
introduction of strengthened waste. The utilized membrane maintenance mitigated significant
fouling, suggested by the TMP, and due to its automated configuration required little to no
interruption of operation.

Figure 5.31 Observed TMP in MM (linear scale).
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Chapter 6: Conclusions and Recommendations
6.1 Conclusions
Due to the unfamiliar and dynamic nature of LoDDSHE, current space life support
technologies require significant improvements to be optimized for such applications while fresh
technologies will need to be developed for new and unaddressed challenges. In order to safely
and sustainably fulfill the missions of the Artemis program and future LoDDSHE, more
comprehensive recycling and recovery of waste is necessary including fecal and food waste. The
AnMBR based OPA was developed to increase water recovery and capture nutrients in
previously discarded fecal and food waste to support sustainable food production. The terrestrial
use of AnMBR’s in decentralized applications, solid removal, and organic removal were the
prime reasons it was chosen for its conversion to space applications.
The OPA was designed for a crew of four and fabricated within the internal dimensions
of an EXPRESS rack, indicating that it can be applied for space exploration applications. The
designed MM was operated with a TMP of less than one bar throughout these stages of
operation. The utilized membrane maintenance methods, including three chemical CIP events
(excluding those necessary for dormancy), mitigated significant fouling and TMP. During both
simulated dormancy events, biogas production was observed, indicating that the biological
consortia was still capable for treatment. The OPA was capable of handling and treating the high
solids and organic waste introduced, achieving a solids (TS) and organic (CODt) removal above
96% and 95% respectively. These accomplishments confirm the proposed hypotheses. Table 6.1
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indicates, based on Stage A and B data due to the lack of organic carbon and nitrogen data for
Stage C, the OPA effluent is lower in carbon and nitrogen levels anticipated in urine for an EPB
scenario which is currently treated. This supports that the OPA sufficiently treats the simulated
fecal waste and produced an effluent that is capable for downstream treatment
Table 6.1 Key characteristics of OPA Effluent vs EPB Urine and Flush (Anderson et al., 2015)6
EPB Urine and
Parameter
Stage A (Avg.) Stage B (Avg.) Stage C (Avg.)
Flush
Organic Carbon (mg/L)
248
383
824
N/A
Nitrogen (mg-N/L)
175
360
1668
Phosphorous (mg/L)
108
239
390
40

6.2 Recommendations
6.2.1 Recommendations for Improvement
The OPA buffer tank (BT) performed superbly at shielding the reactors from shock
loading and at retaining solids. However, due to high solids waste introduced, the eventual total
accumulation of these solids will need to be addressed further. Thermal treatment in the buffer
tank with a heating element could help in inducing quicker solids disintegration and hydrolysis.
This would extend the capability of the BT to convert the solids in a greater capacity. This would
have a positive effect on the bioreactors as anaerobes typically perform better at higher
temperatures and would also benefit from upstream heating.
While the fabricated membrane module performed admirably, considerable biological
growth interfered with the true analysis of the permeated effluent. Chemical cleaning events
addressed the growth but resulted in an accumulation of inactivated biofilm settling in the
membrane module and contributed to interference. A wasting port on the permeate side near the

6

Assumes: flush is 0.5 kg/CM-d and 1 kg/L density for EPB stream
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bottom of the membrane to flush out particulates during cleaning would likely help to mitigate
this issue.
6.2.2 Recommendations for Future Work
Future work of the OPA center around improvements and increasing its capabilities. The
treatment of simulated fecal waste provided valuable knowledge of the OPA’s applicability to
space. The inclusion of food waste in the influent would increase the OPA’s treatment
capabilities and make it more competitive. In order to raise the TRL of the system and gain
further insight, real fecal and food waste will need to be tested. As the effluent from the system is
rich in nutrients, biological regrowth is often observed. The integration of a polishing loop within
the effluent collection tank can refine the effluent to minimize downstream treatment. The
primary future work envisioned for this research is to integrate the OPA with downstream
technologies. This integration will investigate the development of an entire treatment train from
the introduction of waste to the production of sustainable food and potable water to create a
hybrid ECLSS architecture utilizing physical, chemical, and biological principles.
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